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Abstract: Breast cancer (BC) is one of the most common cancers diagnosed and the leading cause
of cancer-related death in women. Although there are first-line treatments for BC, drug resistances
and adverse events have been reported. Given the incidence of BC keeps increasing, seeking novel
therapeutics is urgently needed. Fucoxanthin (Fx) is a dietary carotenoid commonly found in
seaweeds and diatoms. Both in vitro and in vivo studies show that Fx and its deacetylated metabolite
fucoxanthinol (Fxol) inhibit and prevent BC growth. The NF-«B signaling pathway is considered the
major pathway contributing to the anti-proliferation, anti-angiogenesis and pro-apoptotic effects of
Fx and Fxol. Other signaling molecules such as MAPK, MMP2/9, CYP and ROS are also involved
in the anti-cancer effects by regulating the tumor microenvironment, cancer metastasis, carcinogen
metabolism and oxidation. Besides, Fx also possesses anti-obesity effects by regulating UCP1 levels
and lipid metabolism, which may help to reduce BC risk. More importantly, mounting evidence
demonstrates that Fx overcomes drug resistance. This review aims to give an updated summary of
the anti-cancer effects of Fx and summarize the underlying mechanisms of action, which will provide
novel strategies for the development of Fx as an anti-cancer therapeutic agent.

Keywords: fucoxanthin; fucoxanthinol; breast cancer; anti-cancer; drug resistance; marine drug;
cancer prevention

1. Introduction
1.1. Breast Cancer Prevalence

Breast cancer (BC) is one of the most common cancers diagnosed and the leading cause
of cancer-related death in women [1-3]. According to the GLOBOCAN 2020 database, an
increasing trend is observed in the global BC cases, and it is estimated that the diagnosed
BC cases and mortality rates will be increased by at least 40% in 2040 [4,5]. Therefore, novel
and effective therapeutic agents and strategies are emergently needed.

Ductal hyperproliferation is the initiative step of breast tumors’ development. The
tumors may develop into benign or malignant tumors after being repeatedly stimulated
by carcinogenic factors [6]. There are different molecular/intrinsic subtypes of BCs which
could be classified according to histologic information, Nottingham grade, hormone recep-
tor status and HER? status [7]. Further heterogeneity among BCs was revealed by the RNA
analysis, and a total of five major subgroups are identified according to the RNA expression
signatures; they are luminal A, luminal B, Her2-enriched, claudin-low and basal-like [8].
ERa-positive BC is mostly related to luminal A and B, while Her2-positive and triple
negative breast cancers (TNBCs) are mostly related to Her2-enriched and basal-like, respec-
tively. In general, the aggressiveness of luminal A cancers is lower than luminal B cancers
since it has lower expression of Ki67 that is a proliferation marker, and the expression of
Her2 in addition to ERa [9]. Not all TNBCs are basal-like subtypes; TNBCs can be further
divided into six subtypes with distinct gene expressions and ontologies through cluster
analysis, which include basal-like-1 (BL1) and BL2, an immunomodulatory, a mesenchymal,
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a mesenchymal stem-like and a luminal androgen receptor subtype [10]. The various TNBC
subtypes are linked to various outcomes [11].

1.2. Genetic Mutations & Clinical Outcomes

Gene expression profiling has confirmed the relationship between BRCA1/2, HER-2,
EGFR, Ras and c-Myc genes and the BC initiation and development [6,12]. Inheritance
of deleterious mutations in BRCA1/2 genes will significantly increase the risk of having
BC; around 25% of hereditary BC and 10% of all the BC are rooted from BRCA1/2 muta-
tions [13,14]. BRCA1l-associated BCs mainly shows a basal-like molecular profile [15-17],
and it appears to occur more frequently in younger patients, and African American women
usually have a worse prognosis [18,19], while BRCA2-associated BCs are mainly the lumi-
nal phenotype ductal carcinomas with high aggressiveness [20]. The deficiency in BRCA1
will result in cell cycle checkpoint dysregulation, aberrant centrosome duplication, genetic
instability and apoptosis [21,22].

HER?2 being the oncogene of BC, its overexpression is reported in about 20% of primary
BC, which is proved to increase the cancer stem cells” population via PTEN/Akt/mTORC1
signaling and is associated with poor clinical outcomes [23,24].

EGEFR is a member of the tyrosine kinase family, and its overexpression will activate
PI3K, Ras-Raf-MAPK (mitogen-activated protein kinases) and JNK signaling pathways,
contributing to cancer proliferation, metastasis and the escape from programmed cell
death [25,26]. Over 30% of the patients with overexpressed EGFR are diagnosed as inflam-
matory BC, which has higher aggressiveness and worse prognosis than patients without
EGFR overexpression [27,28]. More than half of the TNBC cases are characterized by
ER-/PR- with HER2 amplification and EGFR overexpression [29].

Besides, the overexpression of c-Myc in BC promotes protooncogene amplification
and affects transcriptional regulation, mRNA and protein stabilities [30], which will pro-
mote tumor growth. BC patients with overexpressed c-Myc are usually diagnosed with
high-grade invasive carcinomas, while patients without c-Myc amplification are usually
diagnosed with benign tissues [31,32].

The overexpression of Ras genes (H-ras, K-ras and N-ras) is also observed in BC, in
which mutations occur at the coding domain for the guanosine triphosphate (GTP)-binding
protein. Overexpression of H-Ras is common in primary and advanced BC, and it is
responsible for BC progression [33-35]. The elevation of K-ras found in BC patients is
usually associated with more aggressive TNBC while the elevation of N-ras is related to
poorer clinical outcome [36].

1.3. Clinical Challenges

The combination of Docetaxel (DOC) with agents such as doxorubicin (DOX) is the
conventional treatment regime for metastatic and locally advanced BC [37]. A phase III
multi-center study [38] compared the efficacies between first-line chemotherapy, DOC and
DOX combination (DD), DOX and cyclophosphamide (DC) combination, for the treatment
of metastatic BC. However, it is reported that patients suffer from febrile neutropenia and
infections after receiving the treatments, especially for those receiving DOC and DOX. Be-
sides, the mitomycin C/methotrexate combination is reported to be effective in metastatic
BC patients who have received multiple aggressive treatment regimens [39]. However, this
combination regimen resulted in hematological toxicity, hair loss and gastrointestinal toxic-
ity [40]. Some other patients received the combination treatments of DOC and epirubicin
(DE), or 5-fluorouracil (5-FU), epirubicin and cyclophosphamide (FEC), which are used
as first-line chemotherapy for metastatic BC. However, there is a a significant increase in
thrombocytopenia and leukopenia in the patients who received FEC-DG (dose-reduced
docetaxel) treatments.

First-line treatment for ER/PR+ (hormone receptor-positive) BC usually develops
resistance within 3 months [41], and additional targeted agents were evaluated in numerous
clinical trials, such as immune checkpoints, inhibitors of CDK4/6, mTOR and an endocrine
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therapy combination [42]. The first HER2-targeted drug, trastuzumab, was shown to
improve this subtype prognosis [43]; however, resistance is also common in this treatment
regimen. Despite having the recent HER2-targeted combination therapies with pertuzumab,
lapatinib, neratinib and pertuzumab, trastuzumab and taxane [44,45], the progression-free
survival cannot exceed 6 months [46]. Novel chemotherapeutic agents and strategies
are needed for the treatments of BC such as DOX and paclitaxel [47]. Although new
treatments were used to overcome drug resistance, the median overall survival for basal-
like TNBC and non-basal TNBC from metastasis to death is only 6 months and 11 months,
respectively [48]. Based on the adverse effects and drug resistance observed in the clinical
studies, seeking natural and safe compounds for the treatment of BC is desperately needed.
In this review, a potential and safe compound, fucoxanthin, will be introduced. Researchers
have been studying this compound in previous years; however, there are no reviews
with a particularity of fucoxanthin effects against BC. Here, we will provide an updated
summary with a novel aspect to discuss the anti-breast cancer effects of fucoxanthin and its
underlying mechanisms of action.

2. Fucoxanthin
2.1. Sources

Fucoxanthin (Fx) is a xanthophyll derivative found in the chloroplasts of seaweeds
and diatoms, which include Heterokontophyta (Chrysophyceae, Raphidophyceae, Bacillar-
iophyceae and Phaeophyceae), Haptophyta, Macrophytic Rhodophyta and Dinophyta [49].
It belongs to the class of non-provitamin A marine carotenoids with a natural brown- or
orange-colored pigment [50]. Although it accounts for only around 10% of the estimated
total natural production of carotenoids, Fx is the most prevalent of all the carotenoids [51].

2.2. Chemical Structures

The chemical structure of Fx comprises an allenic bond, a 5,6-monoepoxide, 9 conju-
gated double bounds and numerous of functional groups, including hydroxyl, carbonyl
and carboxyl groups [52]. The allenic bond is unique to Fx, which makes Fx unstable
and becomes heat, aerial and illumination sensitive [53]. Fx exists in either trans or cis
configuration. The trans-isomer is a potent antioxidant and relatively stable compared to
cis-isomer. The trans-isomer accounts for around 90% of all the Fx found in nature [54,55].
The ability of Fx to quench reactive oxygen and nitrogen species in xanthophylls is similar
to carotenes, which contributes to its lipophilicity and antioxidant activities [56]. It is
suggested that the high antioxidant activities of Fx is due to the presence of an allenic
bond in the acetyl functional group [57,58]. However, the polarity of xanthophylls is higher
than carotenes due to the existence of the hydroxyl and epoxide groups [59]. Numerous
studies proved that Fx and Fucoxanthinol (Fxol) exert strong anti-inflammatory [60,61],
anti-obesity [61-64], photoprotective [65,66], anti-oxidative [57,67-69], neuroprotection [70],
antibacterial [71], anti-carcinogenic [72,73] and anti-angiogenic [74] effects both in vitro
and in vivo. However, the pharmacological effects of Amarouciaxanthin A, a metabolite of
Fx, are not well-studied.

2.3. Absorption

Orally administered Fx will be hydrolyzed in the gastrointestinal tract to form Fxol
by the digestive enzymes such as cholesterol esterase and lipase, before it is absorbed
by the intestinal cells [75,76]. There are several steps for the carotenoid’s absorption
in the intestinal area. Carotenoids are first released from the food matrix, which will
then solubilize into mixed lipid micelles in the lumen and finally enter into the intestinal
mucosal cells [77]. It is believed that carotenoids are absorbed into the enterocyte as
scavenger receptor class B type 1 (SR-B1), cluster of differentiation 36 (CD36) and Niemann-
Pick Cl-like 1 (NPC1L1) by the apical membrane transporters, and SR-BI may be the
carrier of Fx in intestinal absorption [78]. It was demonstrated that Fx is esterified in
human intestinal Caco-2 cells and combined with lipids to form chylomicrons for the
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systemic transport [79,80]. Beside Fxol, researchers also identified another metabolite in the
plasma and liver after Fx consumption, which is a biotransformed metabolite from Fxol,
Amarouciaxanthin A [81]. Amarouciaxanthin A is the oxidative product of Fxol produced
in the liver by the liver microsomal NAD-dependent dehydrogenase, which will be rapidly
transported to the other tissues, and it mainly accumulates in adipose tissues [82,83]. At
the end, amarouciaxanthin A will be metabolized to amarouciaxanthin B [84,85].

2.4. Safety

Fx is promoted as a nutrition supplement because it is well-known for its health
benefits such as anti-cancer, anti-obesity, anti-diabetic and anti-inflammatory effects [51,86];
besides, it also prevents chronic diseases [80]. Unlink therapeutics, supplements are
applicable to the general population. Hence, the safety of Fx being a supplement becomes
the major concern. Fortunately, numerous research projects have proved the safety of Fx at
various dosages.

The safety of purified Fx was proved by many studies. No mortality, abnormalities or
adverse effect are reported in mice treated with a single dose of Fx (1000 and 2000 mg/kg)
or repeated doses (500 and 1000 mg/kg) for 30 days [76]. Similarly, no adverse effect is
observed in rodents after receiving 200 mg/kg Fx for 3 months [87]. In a human double-
blind placebo-controlled study, overweight adults with administration of Fx (1 or 3 mg
daily) for 4 weeks had a significantly lower BMI and visceral fat area without abnormal
vital clinical signs and parameters [88]. It is interesting to note that continuous intake of Fx
will turn the outer color and internal tissues of mice to orange, but no significant toxicity is
observed [82]. It is because the selectivity in the intestinal absorption limits the carotenoids’
accumulation in human tissue [89]; therefore, Fx will not accumulate in our body and
induce significant toxicity. Based on these results, Fx is suggested to be a safe nutraceutical
ingredient and can be further investigated in drug fabrication [90].

3. Anti-Breast Cancer Effects of Fucoxanthin
3.1. Anti-Proliferative Effect

The anti-proliferation effects of Fx and Fxol in BC cells have been explored by many
researchers (Table 1). Numerous studies show that Fx and Fxol significantly reduce the
cell viabilities of MCF7, SKBR3 and MDA-MB-231 cells in dose- and time-dependent
manners [91-96]. Rwigemera reported that Fx and Fxol reduce the cell viability of MDA-
MB-231 cells to a greater extent, while Fxol exhibits stronger anti-proliferation effects
than Fx does. Fxol is thought to contribute to the reduction in the viability of aggressive
estrogen-independent tumor growth by inhibiting nuclear translocation and members
of transcriptional activity in the NF-kB signaling pathway [94]. The inhibition of NF-kB
may also lead to the reduction in MCF-7 cells’ viability since Fx/Fxol induces apoptosis
and reduces the nuclear NF-«B transcription factors p65 and p100 in MCF-7 cells. In
addition, Rwigemera believes that Fx and Fxol inhibit the viability of estrogen-resistant BC
cells by down-regulating the SOX9 phosphorylation. It is interesting to note that Fx can
also reduce cell viability of CMT-U27 cells, which are canine mammary tumor cells, in a
dose-dependent manner [97].
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Table 1. Antiproliferative effects of Fucoxanthin (Fx), Fucoxanthinol (Fxol) and Fx/Fxol-rich extract
in breast cancer cell lines.

Algal Extract or

Compound Cell Type(s) Study Design Anti-Proliferation Effects Reference
Organic extract of : : Cell viability:
. . MCE-7 Fx/Fxol were dissolved in ethanol ~90% after 48 h at 25 uM
Halocynthia roretzi, Fx adjusted to less than 0.5% in volume. ~60% after 72 h at 25 uM
Viable MCE-7 cell number was N [91]
Organic extract of measured colorimetrically with Cell viability:
Halocynthia roretzi, Fxol MCE-7 WST-1 reagent. ~30% after 48 h at 25 uM
! ~15% after 72 h at 25 uM
Organic extract of . . DNA fragmentation level:
Halocynthia roretzi, Fx MCF-7 Ex/Fxol were dissolved in ethanol  2-fold of ctrl after 48 h at 12.5 uM
’ adjusted to less than 0.5% in the 6-fold of ctrl after 48 h at 25 uM
culture medium. The DNA
Organic extract of fragments were stained with DNA fragmentation level: o
Halocynthia roretzi, Fxol MCE-7 ethidium bromide and visualized. 7-fold of ctrl after 48 hat 12.5 uM
! 12-fold of ctrl after 48 h at 25 uM
Methanol extract of The Vi.ability of t_he cells was ICs5p = 115 .uM
Sareassum. Fucoxanthin MCE-7 e)faml.ned by microscopical Cell viability: [92]
8 , fuco 0
(60 mg, 0.017% dry wt.) examination using hemocytometer ~60% after 24 h at 20 uM
and trypan blue stain. ~30% after 48 h at 20 uM
Methanol extract of Bleomycin-dependent DNA damage DNA fragmentation level:
Sargassum, Fucoxanthin MCE-7 assay with absorbance measured at ~ 39-fold of ctrl after 24h at 20 uM [92]
(60 mg, 0.017% dry wt.) 532 nm. 42-fold of ctrl after 48h at 20 uM
IC5O =121.89 },LM
Cell viability:
~70% after 24 h at 30 uM
MCE-7 ~50% after 24 h at 40 uM
~20% after 48 h at 30 uM
Fx ~10% after 48 h at 40 uM
Treatments of BC cells with 20, 30, or ICS% = 141.54 uMCell V1ab111t0y ’
40 yM of Fx/Fxol in a ~50% after 24 h at 30 uM~30%
MDA-MB-237 . after 24 h at 40 pM~20% after 48
time-dependent (12, 24, or 48 h) h at 30 UM~10% after 48 h at 40
. s v o after a
manner, cell-titer blue cell viability M [93]
assay was done, the amount of H
reduced resorufin was measured as IC50 = 39.63 M
fluorescence signal at 560Ex/590Em Cell viability:
MCF-7 ~60% after 12 h at 40 uM
~40% after 24 h at 40 uM
~10% after 48 h at 40 uM
Fxol ICsg = 33.59 uM
Cell viability:
MDA-MB-237 ~40% after 12 h at 40 uM
~20% after 24 h at 40 uM
>10% after 48 h at 40 uM
MCE-7 Non-significant
Fx Treatments of BC cells with 10 and Cell viability:
MDAMB-237 20 uM of Fx/Fxol ina 00% after 48 b L0 M
time-dependent (6, 12, 24 or 48 h)
MCE-7 manner, cell-Titer blue cell viability Cell viability: [94]
assay was done, the amount of ~40% after 48 h at 20 uM
Fxol reduced resorufin was measured by Cell viability:
MDA-MB-237 its fluorescence signal at ~80% after 24 h at 20 uM

560Ex /590Em

~50% after 48 h at 20 uM
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Table 1. Cont.

Algal Extract or
Compound

Cell Type(s)

Study Design

Anti-Proliferation Effects

Reference

Fx

MDA-MB-237

Treatments of MDA-MB-231 cells
with Fx (25, 50, 100 umol /L) for 12,
24 or 48 h. MTT assay with
absorbance was measured
at 492 nm.

Cell viability:
~90% after 24 h at 100 uM
~70% after 48 h at 100 uM

[95]

Fx

Five days after BC cell inoculation,

Fx (100, 500 pmol/L; 100 uL./ mouse)

MDA-MB-231
xenograft
model

was injected into the tumour
peripheral every day for 26 days.
Tumour size was measured
every 4 days.

Tumor volume:

100 umol/L group is ~20%
smaller after 26 days
500 pmol/L group is ~60%
smaller after 26 days

Tumor weight:

100 umol/L group is ~30%
smaller after 26 days
500 pmol/L group is ~60%
smaller after 26 days

[95]

Fx

MCEF-7

SKBR3

MDA-MB-237

Treatments of BC cells with 10, 20

and 50 uM of Fx. MTT assay was

done with absorbance measured
at 570 nm.

Cell viability:
~70% after 72 h at 10 uM
~40% after 72 h at 20 uM
~20% after 72 h at 50 uM

Cell viability:
~80% after 72 h at 10 uM
~40% after 72 h at 20 uM
~10% after 72 h at 50 uM

Cell viability:
~70% after 72 h at 10 uM
~20% after 72 h at 20 uM
~10% after 72 h at 50 uM

[96]

Fx

CMT-U27

Treatments of BC cells with 0, 5, 10,
and 20 uM of Fx. Crystal violet
staining with absorbance was
measured at 550 nm.

Cell viability:
~60% after 24 h at 10 uM
~45% after 24 h at 20 uM

[971]

Wakame

Female
Sprague-
Dawley (SD)
rats

Rats in control group (I-A) and
group (I-B and I-C) were given
wakame seaweed of 1.0% and 5.0% of
their body weight, respectively, for 8
weeks. Changes in the body weight
and tumor size were measured.

Tumor size:
I-B is ~60% smaller in week 8
I-C is ~80% smaller in week 8
and no significant increase in
tumor size since week 0

[98]

Mekabu, ~6.7 mg/mL

MCEF7

T-47D

1.0 g of powdered mekabu was
dissolved in 150 mL of distilled
water and 1 mL of mekabu solution
was added to culture medium. DNA
fragmentation was analyzed by
apoptosis ladder detection kit.

DNA fragmentation level:
2.5-fold of ctrl after 96 h

DNA fragmentation level:
2-fold of ctrl after 96 h

[99]
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Table 1. Cont.
Algal Extract or Cell Type(s) Study Design Anti-Proliferation Effects Reference
Compound
Powdered mekabu 1.5 g was mixed
with 1000 mL of distilled water and
Female . .
Sprague- was filtered as mekabu solution. Tumor size of mekabu group is
Mekabu solution Dawley (SD) W.eelfly changes in body weight, ~05% smaller after 32 weeks [99]
rats incidence and the number of
mammary tumors in each rat were
observed for 32 weeks.
Treatments of MCF-7 cells with Fx (0,
5,10, 15 uM) and growth of the Cell viability:
Fx MCE-7 mammospheres for 8 days. WST-1 ~90% after 24 h at 5 uM [100]
assay was done with absorbance ~80% after 48 h at 10 uM

measured at 450 nm.

Other than cell viability, DNA fragmentation also leads to cell death. Konishi, Funa-
hashi and their colleagues show an increase in DNA fragmentation in BC cells after Fx and
Fxol treatments, indicating the anti-proliferative effects of Fx and Fxol. However, another
study showed that Fx neither induces detectable cell death nor DNA damage in the BC
cells [96]. Different experimental conditions may contribute to the discrepancies, such as
the culture conditions, Fx concentrations, treatment protocols and the analytical methods
for DNA damage and cell death.

There are also in vivo experiments showing the anti-proliferation effects of Fx/Fxol-
enriched extracts. A study used wakame seaweed to study the anti-proliferation effects
of Fx [101]. Wakame (Undaria pinnatifida) is usually harvested as a food source, and the
sporophyll from wakame is often discarded; however, it contains a significant amount of
Fx (~20-50% of Fx in the blade part of the wakame) [102]. Data proved that cancer-bearing
animal models fed with wakame-containing diets have reduced tumor growth; in particular,
the cancer-bearing rats fed with 5% wakame in the diet had almost no tumor growth.
Bromodeoxyuridine (BrdU) is a thymidine analog that incorporates to DNA in the cells,
which is commonly used as marker to indicate cell proliferation. Mammary tumor-bearing
rats fed with wakame have low levels of the labeling index (LI) of BrdU in the resected
mammary tumors after Fx treatments, suggesting that Fx suppresses tumor growth by
inhibiting cancer cell proliferation [101]. In addition, an inverse relationship in LI of BrdU
and the apoptotic index (AI) was seen while a positive relationship between the TGF-3
and Al is observed. Besides, TGF-f3 is a paracrine and autocrine hormone that inhibits
cancer growth and induces apoptosis in BC cells [103]. Kesari found an inverse relationship
between angiogenesis and apoptosis, and the downregulation of angiogenesis was due
to the inhibition of endothelial proliferation [104], suggesting that TGF-{3 is a paracrine
growth factor. These results suggest that Fx increases TGF-3 expression, induces apoptosis
and eventually inhibits tumor cell proliferation. Funahashi also conducted another study
on mekabu instead of wakame. Mekabu is one of the brown seaweed species; it contains a
considerable amount of Fx and other bioactive organic compounds [98]. The study shows
that mekabu also exhibits a remarkable inhibitory effect on the cancer growth in vivo [99],
which again suggests the anti-cancer effects of Fx.

Another study further demonstrated the anti-proliferative effects of Fx and Fxol in
BC [100]. Tumors are composed of a diversified cell population, and their formation and
maintenance are rooted from the subpopulation of cells with both stem and cancer cell
characteristics [105]. Cancer stem cells (CSCs) have the ability to divide asymmetrically,
which means they can further increase the CSCs’ population and undergo differentiation to
generate diversified cell types within tumors via self-renewal [106]. Researchers currently
suggest that most of the solid tumors, including BC, are stem cell disorders, with stem
cells being crucial for dispersion and metastasis [107,108]. CD44*CD24 ", being the repre-
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sentative marker of BC stem cells (BCSCs), allows small cell subpopulations to regenerate
the tumor from as little as 100 cells [109]. This phenomenon indicates that only a small
number of BCSCs can potentially form tumor spheres or mammospheres [110]. De la Mare
demonstrated that despite the incomplete elimination of mammosphere formation after
Fx treatments, Fx significantly reduces the sphere forming efficiency (SFE) by ~50%, and
the mammosphere size is reduced dose-dependently in BC. Since there is an increase in
CD44" /CD24~ in mammospheres, therefore, the putative anti-CSCs mechanism behind
may relate to the inhibition of the signal transduction pathway.

The tumor-specific cytotoxicity of Fx remains controversial since several researchers
state that the absence of cytotoxicity is caused by Fx in normal cells [111,112]. Funahashi
showed that there is a strong apoptosis induction of mekabu in MCF-7, T-47D and MDA-MB-
231 cells, but at the same time no apoptotic effect was induced in normal human mammary
cells [99]. However, de La Mare and his colleagues found that Fx at 10 uM reduced the
viability of MCF12A cells by around 71%. Malhao et al. also found that the viability of
MCF12A cells is greatly affected by Fx. Therefore, the tumor-specific cytotoxicity of Fx/Fxol
may require further investigation.

3.2. Apoptotic Effect

It is suggested that the anticancer effects of Fx and Fxol are mainly due to their
apoptotic activities in cancer cells [55]. A study showed that there is a strong apoptosis
induction of mekabu in the human BC cell lines (MCF-7, T-47D and MDA-MB-231) [99]
(Table 2), and the apoptotic effect is even stronger than that of 5-fluorouracil (5-FU), which
has been a first-line drug for BC since the 1960s [113].

Table 2. Apoptotic effects of Fucoxanthin (Fx), Fucoxanthinol (Fxol) and Fx/Fxol-rich extract in
breast cancer cell lines.

Algal Extract or

Compound Cell Type(s) Study Design Apoptosis % Reference
Treatments of BC cells with 20 uM
MCE-7 Fx/Fxol followed by staining with <10% after 12 h at 20 pM
Fx FITC-Annexin V, ethidium
homodimer IIT and Hoechst 33342. [93]
MDA-MB-231 Fluorescence was assessed using an ~50% after 12 h at 20 uM
Axio Observer Al inverted
Fxol MCF-7 fluorescence microscope with FITC, ~ ~40% after 12 h at 20 uM
MDA-MB-231 rhodamine and DAPI filters ~40% after 12 h at 20 uM
Treatments of BC cells with 10 uM
MCE-7 Fx/Fxol followed by staining with ~40% after 24 h at 10 uM
Fx FITC-Annexin V, ethidium
homodimer IIT and Hoechst 33342.
MDA-MB-231 Fluorescence was assessed using an ~60% after 24 h at 10 uM [94]
Axio Observer Al inverted
Exol MCEF-7 fluorescence microscope with FITC, ~70% after 24 h at 10 uM
MDA-MB-231 rhodamine and DAPI filters ~60% after 24 h at 10 uM
Treatments of BC cells with 20 uM
Fx. Flow cytometric annexin V assay
Fx CMT-U27 was used, and fluorescence was ~60% after 24 h at 20 uM [97]

measured at 488 nm (excitation) and
525 nm (emission)
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Table 2. Cont.

Algal Extract or

Compound Cell Type(s) Study Design Apoptosis % Reference
MCF7 Treatments of BC cells with 1.0 g ~30% after 24 h at 15 uM
mekabu solution followed by staining ~60% after 72 h at 15 uM
mekabu MDAMB2Y7 e tensiy for Plwas  o%mmanatis et 1]
T47D measuredfyy plow Cytometry 82ted 0% after 24 h at 15 M

~70% after 72 h at 15 uM

It is reported that Fxol generally exerts a greater apoptotic effect than Fx does [93,94],
while the sensitivity of both treatments in MDA-MB-231 cells is generally higher than
that in MCF-7 cells [93,94,99]. Fx and Fxol treatments not just induce apoptosis but also
necrosis [94]. However, Rwigemera indicated that there was no significant change in
necrosis for both Fx and Fxol treatments [90]. The reasons behind these findings may root
from the modulatory actions of Fx and Fxol in the NF-«B singling pathway. The results
showed that Fxol inhibits p50, p52/p100, p65 and Rel-B nuclear accumulations in MDA-
MB-231 cells, which are all transcription factors in the NF-kB signaling pathway [52], while
10 uM Fxol can consistently reduce phosphorylation of p65 in the nucleus of both MCF-7
and MDA-MB-231 cells. p65 is a marker in metastatic tumors, and it is constituently active
in most of the BC subtypes. p65 contributes to the conversion of BC growth to hormonal
independence [114]. Phosphorylation of p65 at Ser536 can lead to lymphatic invasion and
lymph node metastasis [52], and enhance cell motility, transformation and transcriptional
activity [115]. Therefore, apoptotic effects of Fxol in BC cells may be due to the reduction in
p65 phosphorylation, and the different apoptotic responses observed in MDA-MB-231 and
MCE-7 cells are probably due to the different inhibitory mechanisms involving canonical
(p65) and non-canonical (p52, Rel-B) NF-«kB signaling pathways.

SOX9 is proved to be a downstream target of many signaling pathways that contributes
to BC aggressiveness and is linked to poor clinical outcomes [116]. It is suggested that with
the presence of retinoic acid, the nuclear accumulation of SOX9 inhibits BC growth [117,118]
while the increase in cytoplasmic accumulation of SOX9 correlates with metastatic BC [119].
Rwigemera found that no nuclear accumulation of SOX9 (correlated to mRNA expression)
is observed after Fx/Fxol treatments, suggesting that SOX9 does not inhibit cell growth via
nuclear accumulation [93], while a reduction in SOX9 levels in the nucleus is observed at
higher doses of Fx or Fxol (20 uM) in MDA-MB-231 cells, suggesting that SOX9 activity
may be involved. It is also suggested that AKT directly phosphorylates Sox9 at serine 181
and Sox9 was identified as a novel AKT substrate [120]. Since it was proved that Fx is
able to suppress PI3K/Akt/NF-«kB signaling [95], therefore, the inhibitory effects on the
viability of estrogen-resistant BCs caused by Fx and Fxol may be due to the downregulation
of SOX9 phosphorylation [94]. The expression of SOX9 is closely related to SOX10 in TNBC
and basal/stem-like BCs [120]. Therefore, future studies can be conducted to explore the
roles of the SOX9-SOX10 axis in the anti-BC effects of Fx.

Fx can also induce apoptosis in CMT-U27 cells, which are canine mammary tumor cells,
in a dose-dependent manner [97]. Apoptosis is precisely controlled by caspase3, caspase
7, caspase 8 activities. Caspase-8, which induces apoptosis extrinsically together with Fas
associated via death domain (FADD) by forming the death-inducing signaling complex
(DISC) [121]. PAPR is a family of enzymes involved in many cellular processes such as DNA
repair, cell proliferation and cell death [122]. PARP cleavage, which inhibits DNA repair
and rehabilitates apoptosis after DNA damage [123], is one of the biomarkers for apoptosis.
Therefore, the elevation in caspase 8, cleaved-caspase 8, PARP and cleaved-PARP caused
by Fx in CMT-U27 cells suggests an apoptotic effect.



Mar. Drugs 2022, 20, 370

10 of 28

3.3. Anti-Metastatic Effects

Cancer metastasis involves cell invasion and migration, angiogenesis and intrava-
sation, survival in the circulation and attachment to the endothelium, extravasation and
lastly colonization [124]. Most cancer chemotherapies or drug research mainly focus on
cell invasion and migration because, once the cancer cells enter the circulation, they will
be developed into stage III or even stage IV cancer [125], and chemotherapy becomes
relatively ineffective.

It was proved that Fx is able to reduce the migration and invasion of MDA-MB-231
cells in a dose-dependent manner [95], which may be due to the reduced expressions
of VEGF-C. VEGF-C is one of the lymphangiogenic factors that binds to VEGFR-3 that
enhances lymphatic vessels to invade tumors [126]. Another study shows that Fx reduces
the expressions and secretions of matrix metalloproteinases-2 (MMP-2) and MMP-9 while
increasing metalloproteinase-1 (TIMP-1) expression [127]. The anti-inflammatory mecha-
nism of Fx may contribute to its anti-metastatic property since immune cells will migrate
and invade to sites of inflammation that involve the degradation of ECM and adjustment
of cytokine and chemokine activities [128]. MMPs play a pivotal role in assisting tumor
cells’” invasion and migration [129], while the activities of MMPs are specifically adjusted
by tissue inhibitors” TIMPs [128]. In addition, Fx inhibits the migratory ability of CMT-U27
cells and HUVECs in both time- and dose-dependent manners [97]. These results suggest
the inhibitory effects of Fx on BC cell migration and invasion.

3.4. Anti-Angiogenic Effects

Angiogenesis is the process of recruiting new blood vessels, which is essential in
metastasis as it is the principal route to deliver oxygen and nutrients to the tumor cells. The
vascular density is associated with the prognostic outcome, and the higher the vascular
density in primary tumors, the higher the potential of metastasis [130]. Neovascularization
in angiogenesis significantly contributes to BC progression and dissemination. BC cells
are able to secrete pro-angiogenic factors, such as fibroblast growth factor (FGF), vascular
endothelial growth factor (VEGEF), interleukins (ILs), transforming growth factor beta (TGF-
), platelet-derived growth factor (PDGF), that control the angiogenesis and metastasis
since they can trigger neovascularization [131].

Due to the high incidence and mortality rate of BCs among the female population,
many studies have focused on the angiogenesis in breast tumors. In most of these stud-
ies, human umbilical vein endothelial cells (HUVECs) were recognized as the universal
endothelial cells model to inspect the antiangiogenic activities of drugs on neovascular-
ization [132]. Sugawara claims that Fx has high antiangiogenic activity in HUVECs due
to its ability to suppress tube formation and endothelial cell proliferation but not migra-
tion [74]. VEGF receptor-2 is a well-known receptor involved in angiogenic signaling and
regulating tumor migration [133]. However, as mentioned, Fx does not affect the migration
of HUVECs; therefore, Fx might not affect the VRGF receptor-2 signaling. Other than
Fx, Fxol also significantly suppresses the outgrowth of microvessels in a dose-dependent
manner [74]. Since Fxol is a metabolite of Fx, therefore, Fx is proposed to be an in vivo
bioactive component in suppressing angiogenesis [81].

Jang also reported that Fx possesses anti-angiogenic activity that is due to its ability
to reduce the microvascular sprouting of HUVEC by 25% [97]. Moreover, the tubule
formation of HUVECsS is significantly inhibited after treatments. These results suggest
that Fx has an anti-angiogenic effect and prevents the sprouting of new blood vessels.
Factors related to angiogenesis include VEGEF, EGF, insulin-like growth factor (IGF) and
Ang?2 [134-137]. Ang2 inhibits endothelial cell death and vessel regression, and induces
migration, proliferation and sprouting in the presence of VEGEF, while it will exert opposite
effects when VEGF is absent [137]. The anti-angiogenic mechanism of Fx was deciphered
in Jang’s research. It was observed that Fx increases the mRNA level of Ang2 in both
HUVEC and CMT-U27 cells while the levels of VEGF-A and VEGFR-2 remained unchanged.
Furthermore, Fx is shown to reduce the protein expression of VE-cadherin, which is a
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component located at junctions to determine the vascular integrity of the endothelial
cell [138], meaning that Fx is able to weaken the cell-to-cell junction.

Wang used human lymphatic endothelial cells (HLEC) as a lymphangiogenesis model
and determined the inhibitory effects of Fx [95]. The results show that Fx inhibits tube
formation and migration of HLEC by suppressing PI3K/Akt/NF-kB signaling. The sig-
naling targets in this pathway are reported to mediate tumor proliferation, metastasis,
angiogenesis, migration and adhesion, and the degradation of the ECM [112]. Therefore, in-
hibition of the PI3K/Akt/NF-«B signaling pathway induced by Fx can inhibit angiogenesis.
Indeed, as mentioned by Rwigemera, Fx affects the protein expression of both canonical
and non-canonical pathways in the NF-«B signaling cascade. Other than p50, p52, p65,
p100 and RelB, IkB and IKK are also involved in this signaling pathway. It is reported that
a NF-kB-induced IncRNA acts as tumor suppressor to inhibit BC metastasis by inhibiting
the phosphorylation of IkB induced by IKK but without affecting the activity of IKK [139].
Therefore, the inhibition in NF-«B signaling may greatly contribute to the antiangiogenic
effect of Fx. Beside the in vitro studies, Fx also inhibits tumor-induced lymphangiogenesis
in both a HLEC and MDA-MB-231 BC xenograft model by reducing micro-lymphatic vas-
cular density [95]. The inhibition of lymph node metastasis in BC caused by Fx may be due
to the inhibition of MMP-2 and MMP-9 secretion and elevation of TIMP-1 expression [95].
Since lymphangiogenesis is associated with lymph node metastasis in the presence of
VEGF-C that is secreted by MDA-MB-231 cells [140], therefore, the downregulation of the
VEGF-C and VEGEFRS3 signaling axis contributes to the anti-lymphangiogenesis activity.
Other than the potential targets stated above, some studies suggest the association between
the antiangiogenic effect and the antioxidant activity of Fx since reactive oxygen species
(ROS) stimulate angiogenesis [141,142].

3.5. Modulation of Tumor Microenvironment

Tissue-resident macrophages are intrinsic immune cells possessing phagocytic activ-
ities under physiological conditions. They play an essential role in tissue homeostasis
maintenance and pathogen defense due to their heterogeneous characteristics with tissue-
and niche-specific functions [143]. The TME in BC includes immune system elements
such as macrophages, neutrophils, lymphocytes and dendritic cells, cells composing blood
vessel, fibroblast, myofibroblast, mesenchymal stem cells, adipocytes and ECM [144,145].
The most protruding TME member in these cells is the tumor-associated macrophages
(TAMs), which mediate tumor proliferation by secreting growth factors and inflammatory
mediators such as CCL2, IL-1«, IL-6 and TNF-« [146] and induce treatment resistance in
cancer [147]. Notably, TNF-« released by TAMs contributes to the activation of NF-«kB in
tumor cells, thus preventing tumor cell death and promoting tumor cell invasion [148].
The anti-inflammatory cytokines produced by TAMs recruit Treg cells, which are able to
suppress the activation of the effector T cell and eventually suppress the immune response
in TME [149]. TAM-derived chemokines, such as IL-4, IL-10, TGF-$ and prostaglandin-E2
(PGE2), can directly suppress the functions of cytotoxic T cells [150,151].

Within the breast tumor, TAMs may comprise over half of the cell numbers. The
accumulated TAMs in BC are composed of resident macrophages (RMs) and monocytes
recruited from the circulation [152]. The monocyte colony stimulating factor will then turn
RMs into non-polarized (M0) macrophages [153]. MO macrophages have high plasticity
as they can be transformed into different phenotypes with environmental stimulations.
Macrophages can exist as two unique phenotypes after polarization, which are the classi-
cally activated (M1) or the alternative activated (M2) macrophages. In human BC, the high
density of TAMs is associated with poor clinical prognosis [154]. Over the past few decades,
TAMs were reported to have the ability to remodel the tumor ECM to assist invasion,
induce angiogenesis, shape BC cells to escape from the host immune system and recruit
immunosuppressive leukocytes to the TME [145].

M1 macrophages can be induced by proinflammatory factors, such as TNF-«, lipopolysac-
charide (LPS) and cytokines, through the granulocyte-macrophage colony-stimulating
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factor. After that, interleukins (IL) -1f3, IL-6, ROS and nitric oxide (NO) are released to
promote tumor proliferation [149] and at the same time induce the polarized Th1 response.
Th1 response is a proinflammatory response which will trigger the Th2 response when it is
in excess [155]. Here, a feedback loop is formed, since the Th2 response will release more
interleukins and further enhance the proinflammatory effects, eventually leading to tumor-
ogenesis. M2 macrophages, which are activated by Th2-related cytokines (IL-13, IL-4), or
other related signals, such as IL-10, glucocorticoid hormones and TGF-f3, have the ability to
scavenge molecules and produce suppressive mediators, such as polyamines and mannose
or galactose receptors [156,157]. M2 macrophages usually facilitate canonical tissue repair
functions under normal physiology. However, they can also be pro-carcinogenic by pro-
moting tissue remodeling and repair, stimulating angiogenesis with VEGF and enhancing
tissue proliferation with TGF-3 [149]. Therefore, controlling the levels of inflammatory
mediators in BC is extremely important.

As mentioned above, pro-inflammatory mediators such as NO, PGE,, TNF-«, IL-1f3
and IL-6 promote tumorogenesis. However, there is less study focused on the associa-
tion between Fx and the TME in BC. Nevertheless, the anti-inflammatory effects of Fx
isolated from Ishige okamurae in lipopolysaccharide (LPS)-stimulated murine macrophage
RAW 264.7 cells are proved [158]. The RAW 264.7 cells are monocyte/macrophage-like
cells, which are an authoritative model of macrophages commonly used to investigate
the anti-metastatic effects of treatments [159] and that can demonstrate pinocytosis and
phagocytosis. Fuentes proved that RAW 264.7 cells stimulated by LPS have a higher NO
production and phagocytosis rate [160]. Kim’s study demonstrated the anti-inflammatory
mechanism of Fx [158]. Fx reduces pro-inflammatory mediators such as NO, PGE,, IL-1f3,
TNF-o, and IL-6 by inhibiting NF-«B activity, cytoplasmic degradation of inhibitors of
IkB-a and nuclear translocation of p50 and p65 proteins and MAPK (JNK, ERK and p38)
phosphorylation in RAW 264.7 cells. However, further investigations are needed to confirm
the effects of Fx in BC.

3.6. Modulation of Carcinogen Metabolism

Cytochrome P450 (CYP) is a xenobiotic metabolizing enzyme. CYP1A1, CYP1A2 and
CYP3A4 are reported to contribute to the pro-carcinogenic activities, and their expressions
are significantly affected by Fx [161]. In the genetic polymorphisms of human cytochromes’
P450 enzymes, a correlation between CYP1A1 and CYP1C2, which is used to increase
activity of 173-estradiol and estrone, is observed that will increase BC risk [162]. A phar-
macogenetic study also pointed out the association between the CYP2A6 genotype and the
plasma letrozole concentration in postmenopausal women with BC, which may serve as
a predictor [163].

CYP enzymes are membrane-bound hemoproteins which can synthesize second mes-
sengers, hormones and other endogenous substances in the body, detoxify xenobiotics
and regulate cellular metabolism [164,165]. CYP1A1 activates Benzo[a]pyrene (B[a]P) and
other carcinogenic polycyclic aromatic hydrocarbons (PAHs); CYP1A2 catalyzes metabolic
activation of aryl-, heterocyclic amine and PAH-diols to reactive metabolites; CYP3A4
metabolizes the endogenous compound and therapeutic drugs and activates mycotox-
ins [166]. CYPs are widely expressed in organs under normal conditions [167] to catalyze
drug molecules for second-phase metabolism and excretion [168] while CYPs are selectively
expressed in different types of neoplasms under BC [169]. Recently, Luo proposed the
association between CYP enzymes and tumorigenesis [170].

CYPs contribute to the risk and prognosis of BC due to their participance in estrogen
metabolism. CYP3A4 is shown to be negatively associated with the morbidity of BC [171].
Additionally, it is reported that the morbidity of BC patients with late menarche is negatively
associated with the CYP3A polymorphism site rs10235235 [172]; women with an age below
50 who have a non-coding variant at the CYP3A locus (rs10273424) usually have lower risk
of developing BC [173]. A genetic study in Thailand revealed that CYP1A2, CYP2C19 and
CYP17 polymorphisms play an essential role in estrogen metabolism and may increase the
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BC risk [174]. Furthermore, Bai suggests CYP1A2 rs2470890 to be a genetic indicator of BC
prognosis due to its prominent association with the BC prognostic rate [175]. Therefore, the
expression and activities of CYPs greatly contribute to the BC risk.

The high prediction value of Fx (0.76 in CYP3A4) in silico results indicate that
Fx has an inhibitory effect on the metabolic enzymes that are engaged in carcinogen
metabolism [176,177]. The enzymatic activities of CYP1A2 and CYP3A4 are inhibited by
Fx in a dose-dependent manner, and the ICsy values reach 30.3 uM and 24.4 uM, respec-
tively. Molecular docking results further proved the inhibitory effect of Fx by comparing
the binding activities to the known inhibitors a-naphthoflavone and ketoconazole. The
binding energy of Fx for CYP1A2 and CYP3A4 are —4.83 kcal mol~! and —7.69 kcal mol 1,
respectively [176]. These data demonstrate that Fx is a preventive compound and potential
anti-carcinogenic agent which inhibits the metabolizing enzyme activities.

CYPs are essential for carcinogens’ metabolism [178], and their enzymatic activities
will affect the susceptivity to chemical carcinogens in human [179]. CYPs activate polycyclic
aromatic hydrocarbons (PAHs), which are common environmental carcinogens, to induce
tumorigenesis [180]. PAHs will accumulate in breast tissues [181] and cause mutation after
they are metabolized and activated by CYP1A1 [182]. Therefore, it is important to know the
significance of CYPs in contributing to the initiation of BC. The aryl hydrocarbon receptor
(AhR) is a transcriptional regulator of CYP1A1l, and it is reported that the AhR/CYP1A1
signaling pathway contributes to the tumor development and chemoresistance of BCSCs by
inhibiting the tensin homolog and phosphatase and activating (3-catenin and Akt signaling
pathways [183]. Therefore, future cancer studies can investigate the relationship between
AhR/CYP1A1 and Fx in ER-negative BC. CYPs’ induction-mediated interaction is also
well-known in reducing therapeutic efficacy [184]; thus, inhibition of CYPs may help to
overcome multidrug resistance (MDR) in BC.

3.7. Overcome Multidrug Resistance

MDR is a clinical impediment observed in over 80% of patients with all kinds of cancer
chemotherapy. The reduced drug efficacy caused by MDR may eventually lead to a high
dosage that results in high toxicity and also financial burden for the patients [185]. To over-
come MDR, seeking a novel ATP-Binding Cassette transporter (ABCT) inhibitor is pivotal.
Studies have identified 48 genes in human encoding of the ABCT transporter superfamily,
which are classified into seven subgroups (A to G) phylogenetically [186]. There is an
intricate system in ABC transporters responsible for physiological functions, including
passive diffusion that regulates the intracellular levels of ions, lipids, hormones, xenobiotics
and other small molecules [187-189] and regulation of organelles, such as the mitochon-
drion, lysosome, endoplasmic reticulum and Golgi apparatus to preserve the physiological
homeostasis [189]. Multidrug resistance protein 1 (MDR1), MDR-associated protein 1
(MRP1) and BC resistance protein (BCRP) are well-known ABCTs that promote drug efflux
against the concentration gradient and reduce cellular accumulation, thus inducing MDR
by allowing cancer cells to escape from the pharmacological barriers [190-193].

Fx is currently being studied for its synergistic interaction with front line drugs to
overcome MDR [194]. Fx was reported to reduce the adverse effects of ROS-stimulating
cytotoxic drugs in normal cells while enhancing the cytotoxicity in cancer cells due to
the antioxidant characteristics. The synergistic effect found in Fx combination treatments
suggests the potential of Fx to become a drug adjuvant in cancer treatment [195,196].
Indeed, it was reported that treatment with a minimal cytotoxic concentration of DOX
with the physiological dose of Fx significantly reduces the cell viability of MCE-7 and
MDA-MB-231 cells by 68% and 53%, respectively [197]. In addition, the ICs5 values for
MCEF-7 and MDA-MB-231 cells are significantly reduced by nearly five times in Fx and
DOX combination treatment when compared to Fx monotreatment [197]. These results
demonstrated the synergistic effect of Fx in combination with DOX in inhibiting BC cell
viability. Malhao also suggests Fx to be a potential drug adjuvant based on the cytotoxic
results in 2D- and 3D-cultured BC cell models such as MCF7, SKBR3 and MDA-MB-231
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cells with Fx alone or combined with Dox and cisplatin (Cis) [96]. Malhao also claims that
the synergistic effects of this combination are more pronounced in the TNBC cells [96]. In
order to reveal the reversal effects of Fx in MDR, a study used adriamycin (DOX) resistance
cell lines MCF-7/ADR to examine the effects of Fx in overcoming drug resistance [90]. The
results show that the cytotoxic effect of Fx is weakened in both parent cells and resistant
cells, and the resistance cell line is insensitive to Fx or DOX monotreatment. However, DOX
and Fx combination treatment can remarkably lower the IC5 value of DOX in MCF-7/ADR
cells, suggesting the reversal effect of this combination treatment in BC.

Fx is also reported to have synergistic inhibitory effects on BC cell proliferation. Ki67,
a prognostic marker for BC [198], is expressed in all phases of the cell cycle except the GO
phase [96,199]. In a 3D culture study, the antiproliferative effect of Fx is nonsignificant; how-
ever, the combination of Fx 20 uM with Dox 1 uM significantly reduces BC cell proliferation
by 50%, which exhibits a similar effect to Dox (5 uM) treatment [96]. These results suggest
the potential adjuvant ability of Fx in augmenting the antiproliferative effect of Dox.

The Fx and DOX combination treatment also induces apoptosis in MCF-7/ADR cells
in which the early apoptosis induced by the combination treatment is at least double of that
in the Fx or DOX monotreatment [90]. Apoptosis can be used to assess the cellular response
to chemotherapy [200], and the commonly used biomarker is cleaved caspase-3 [201],
which is one of the cysteine proteases and plays an essential role in apoptotic pathways
by cleaving cellular proteins [202]. The Fx and DOX combination treatment increases
the expressions of apoptotic genes, including CASP3, CASP8 and P53, and reduces the
expressions of metabolic genes CYP3A4 (phase I metabolism), GST (phase II metabolism)
and PXR. Besides, the treatment also reduces the expressions of transporter genes ABCC1,
ABCG2 and ABCB1 when compared to Fx or DOX monotreatment [90]. Similarly, the study
from Malhao showed that the expression of caspase-3 in MDA-MB-23 cells treated with
20 uM Fx alone is similar to the control group. However, the combination of 20 uM Fx and
2 uM Dox significantly increases the expression of caspase-3 positive cells and is similar to
5 uM Dox monotreatment. The significant increase in apoptosis and expression of cleaved
caspase 3 reinforce the synergistic effects Fx and Dox combination treatment and suggest
that Fx is a potent compound that can be used with other first line drugs to overcome MDR
in BC.

In Eid’s study, Fx (20 pM) significantly enhances the accumulation of DOX in MCF-
7/ADR cells, and the effect is even stronger than verapamil (known inhibitor of ABCT) [90].
A similar result is also found when comparing the inhibitory effect of Fx for Rho123 (a
fluorescent ABCT substrate) accumulation [90]. The relative resistance value showed that
Fx is a good substrate for P-gp-expressing cells. Taken together, these results suggest that Fx
is an ABCT substrate. Therefore, the cytotoxicity of Fx may be indirectly due to the ABCT
competitive efflux. Generally, BCRP and MRP1 are co-expressed with ABCTs’ P-gp/MDRI,
and their substrates and inhibitors are common. Thus, Fx probably induces a synergistic
effect by affecting the activity of P-gp/MDR1, BCRP and MRP1 in BC cells.

Besides, the reason underlying 25% of ER-positive breast tumor patients developing
NF-kB antagonists’ resistance is due to the constitutive expression and activation of NF-kB
members [94], which will eventually lead to estrogen-independent growth [203-205]. The
constitutive nuclear localization of p50, p52, c-Rel and over-expression of p100/p52 are
found in BC [206]. Besides, p65 is activated in most human BC cell lines and correlated
with more aggressive and metastatic BC [94]. Therefore, the inhibitory effects of Fxol
on p65, p52 and Rel-B nuclear accumulations found in MDA-MB-231 cells can help to
overcome the MDR induced by the overexpression of NE-kB members. Indeed, numerous
studies reported the association between the p65 phosphorylation and chemoresistance
in response to DOX [207-209]. It is suggested that IKKw, which is an upstream kinase
that can modulate p65 phosphorylation levels, plays a critical role in NF-kB-mediated
chemoresistance in response to DOX, and it potentially serves as a therapeutic target for
improving the chemotherapeutic response [117]. Therefore, Fx may sensitize DOX and
overcome drug resistance by regulating the phosphorylation of p65.
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Both Vijay and Malhao showed that the Fx and Dox combination treatment has higher
cytotoxicity to MDA-MB-231 cells than the monotreatments. The promising dosages of the
combination treatment are Fx at 10 uM and Dox at 1 uM, which exert potent anti-cancer
effects [96,197]. It is generally believed that 3D cell cultures are more resistant to drug
treatments and better translate organism-level realities [210,211]. The use of 3D cell cultures
in Malhao’s study also suggest that Fx is a latent drug adjuvant. Other than the above-
mentioned mechanisms, the synergistic cytotoxicity mechanisms may comprise of other
complex systems, such as DNA damage, cell cycle arrest and ROS induction. Rwigemera
emphasized the involvement of the NF-«B pathway in the development of BC resistance
and that Fx can target this pathway to overcome MDR [93,94]. In conclusion, the above
studies strongly suggest that Fx is a potential drug adjuvant; however, more in vitro and
in vivo studies are needed to probe the underlying mechanisms of the synergistic anti-BC
effect of the combination of Fx and Dox.

3.8. Anti-Oxidative Effects and Cancer Prevention

ROS are a family comprised of molecules that have an unpaired electron in their atomic
orbital and can exist independently [212]. ROS include free radicals namely superoxide
anion (O, ™), hydrogen peroxide (H,O;), hydroxyl radical (OH), organic hydroperoxide
(ROOH), peroxy radicals (ROO) and hypochlorous acid (HOCI) [212-214]. Singlet oxygen
(10,) and free radicals are produced by the aerobic metabolism in the body [215]. These
oxidants can react with proteins, DNA or lipids to induce damage or structural changes,
leading to mutation, transformation and eventually carcinogenesis. Luckily, the antioxi-
dation effects of seaweeds are broadly investigated [216], and Fx consists of the dietary
antioxidants found to have the ability to enhance the antioxidant capacity of blood serum
levels in mammals.

A study shows that Fx exerts significant antioxidant activity in MCF-7 cells in the
ABTS experiment and was proved to have protective activity to DNA damage [92]. Many
researchers also proved the tremendous singlet oxygen quenching and radical scavenging
activity of Fx/Fxol [57,69,217,218]. Beside in vitro studies, an ex vivo study also demon-
strates the antioxidant activity of Fx extracted from Fucus vesiculosus [219].

The antioxidant effect of Fx/Fxol may depend on the source and structure. Interesting
data suggested the antioxidant activities of microalgal extracts and Fx/Fxol, in which the
Fx content in fresh wakame is ~50% more than in processed wakame (drying), while the
fresh wakame showed a significant reduction in the DPPH radical scavenging and CUPRAC
assays [96]. The research from Kawee-ai proved the ability of Fx to donate an electron,
and its reducing ability increased in a dose-dependent manner [68]. The stabilization
and termination of the radical chain induced by the reactions between free radicals and
reductones explain the reducing ability of Fx. It is noteworthy that the ICsy value of
the microalgal Fx (0.30 mM) is almost double that of Fx extracted from brown seaweed
(164.6 uM), suggesting that microalgal Fx may have a potent therapeutic effect. Sachindra
also demonstrated the scavenging and quenching ability of Fx and Fxol in most types
of oxidants such as DPPH, ABTS, hydroxyl, superoxide radical and singlet oxygen [57],
suggesting the antioxidant activities of Fx and Fxol. The scavenging activities of Fx and Fxol
were linearly dependent on the concentrations, and both of them showed a similar effective
concentration. It was reported that the presence of functional groups in the terminal
rings, such as carbonyl and hydroxyl groups, reduces the ABTS scavenging activity of
carotenoids [220]. However, Fxol has three hydroxyl groups compared to two in Fx, and
Fxol exhibits higher ABTS scavenging activity than Fx. It may be due to the existence of the
acetyl group in Fx. Therefore, the effects of functional groups to antioxidant activities need
to be further investigated. However, it is certain that the allenic bond is responsible for
the high antioxidation effects of Fx and Fxol. Sachindra also proposed that the presence of
conjugated keto groups can increase the quenching rate while the presence of a hydroxyl,
epoxy and methoxy group will lower the effect [57]. Fx and its two metabolites have a
conjugated keto group, but their effects are still weaker than (3-carotene. The reduction
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in signal intensity of hydroperoxide in the presence of Fx is mainly due to scavenging of
the radical directly, but at the same time, the possibility was proposed that the carotenoid
interferes with the enzyme system [57].

It is notable that Kawee-ai revealed the association between the ratio of the cis- and
trans-isomer of Fx and its antioxidation effects, in which the higher the ratio of cis-isomer,
the lower the antioxidant activity. Other than configurations, it is suggested that the
polarity and lipophilicity of carotenoids will also affect the antioxidant activities [69].
Besides, the extraordinary characteristic of Fx is that it does not donate a proton to ROS
similar to other antioxidants, but an electron [51], and that Fx is able to quench ROS
under hypoxia [217,218].

Other than the structural effect of carotenoids, the nature of the radical may also affect
the scavenging activity [221]. It is reported that the pigments in carotenoids are responsible
for the quenching ability by acting as catalysts to inactivate the !1O,. The process starts
by transferring the electron exchange energy from 'O, and the carotenoid to generate
the triplet state of the carotenoid (3CAR) and ground state oxygen (30,). Then, with
the rotational and vibrational interactions under a solvent system, the 3CAR formed will
eventually return to a ground state by dissipating its energy through [67]. Rodrigues also
summarizes the mechanisms of how carotenoids scavenge ROO and OH, which include
electron transfer, abstraction of the allylic hydrogen and radical addition to the conjugated
double bonds system [69].

Despite the anti-oxidative effects, the role of ROS remains controversial in cancer
because it can either enhance or inhibit tumorigenesis under different concentrations [157].
The MAPK/ NF-«B pathway will be stimulated under moderate ROS levels, which will
upregulate the expression of MMPs and VEGEF, and thus lead to cancer proliferation,
angiogenesis and metastasis [222]. However, proapoptotic proteins Bax, p21 and p27 will
be activated under high intracellular ROS levels while the antiapoptotic Bcl-2 and Bel-xL
will be suppressed [195]. Therefore, it is interesting to explore the roles of ROS in mediating
the anti-BC effects of Fx.

3.9. Anti-Obesity Effect and Cancer Prevention

The World Health Organization estimates that 40% of adult women are overweight,
with the prevalence tripling between 1975 and 2016 [223]. There has been numerous
research with BMI data suggesting that central obesity is a risk factor of BC [224,225].
DeSantis also suggests that the increasing prevalence of overweight underlies the increased
HR-positive BC cases in USA [2]. The comorbidity of obesity is reported to be a risk factor
of BC in postmenopausal women by affecting the estrogen receptor signaling, such as
excessive local production of estrogens in adipose tissues, production of adipokines and
inflammatory cytokines and hypercholesterolemia [226,227].

Obesity contributes to premenopausal and postmenopausal BC risk in different
ways [228]. It was reported that high BMI is negatively associated with premenopausal
BC risk while the opposite trend is observed in postmenopausal women [229]. Some
studies claimed that there is a positive relationship between obesity and risk of BC in
premenopausal ER-negative and TNBC since the ER—/PR— tumor is more common in
obese women compared to the ER+/PR+ tumor [230], while other studies suggest that
BMI is inversely associated with premenopausal ER+ BC [230,231]. Studies suggest that
obese postmenopausal women may have a higher risk of suffering from hormone receptor-
positive BC [231-233]. The EPIC cohort studies also suggest that obesity is associated with
more advances BC in postmenopausal women [234]. Therefore, it seems that obesity is
closely related to ER—/PR— BC in premenopausal women while it is related to ER+/PR+
BC in postmenopausal women [231]. Obesity not just increases the risk of having BC but
also increases BC mortality. Higher BMI is reported to have poorer BC-specific survival
compared to normal weight BC women [235,236]. Therefore, preventing and reducing
obesity are the keys to reduce BC cases.
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Fx is also well-known for its anti-obesity properties. Its underlying mechanisms
have been linked to the upregulation of UCP 1, which is at the center of brown adipose
tissue (BAT) thermogenesis and systemic energy homeostasis, helping to reduce fat accu-
mulation [237-241]. Indeed, the expression of UCP1 in white adipose tissue (WAT) was
significantly enhanced while the WAT weight was significantly reduced after Fx treatment
in mice [62]. It is believed that the UCP1 expressed in WAT generates heat and causes
energy dissipation and eventually leads to weight loss. It is reported that PPAR«, PPARYy,
iNOS and COX-2 are able to modulate the expression of UCP1 in WAT [242-245], and their
expressions can be regulated by Fx [239,245,246]. Therefore, the regulatory effect of Fx in
UCP1-mediated thermogenesis underlies its anti-obesity effect.

Studies also reveal the metabolism effects of Fx. Fx can effectively reduce liver triglyc-
eride and total cholesterol levels and enhance the excretions of these lipids by fecal sam-
ples in rats [247]. The expressions of lipogenic enzymes ACC, FAS, and G6PDH and
the transcriptional factor of SREBP-1c are significantly reduced while the expression of
lipid-metabolizing enzymes CPT1 and CYP7A1 are significantly increased after Fx treat-
ments [247]. Abidov also reported that Fx significantly reduces body weight, body and
liver fat content and serum triglycerides (TG) [248]. Besides, Jeon reported that Fx exerts
anti-obesity effects by reducing the activities of the enzymes involved in fatty acid (FA)
synthesis, FA oxidation and TG synthesis in both liver and epididymal adipose tissue. Fx
also reduces the activities of enzymes involved in cholesterol biosynthesis and esterification
such as the hepatic HMG-CoA reductase and acyl coenzyme A [249]. Malhao observed a
lower electron density of the lipid droplets in multicellular aggregates exposed to Fx [96].
Since electron density of lipid droplets reflects fatty acid composition [250], therefore, it is
again suggesting the regulatory effects of Fx on fatty acid synthesis and lipid metabolism.
Overall, Fx exerts anti-obesity effects by regulating the plasma and hepatic lipid profiles,
fecal lipids, fatty acid synthesis, lipid absorption and hepatic cholesterol metabolism.

As mentioned above, obesity is closely associated with BC. Therefore, the anti-obesity
effects of Fx may help to prevent BC to a certain extent although there are no relevant
clinical data. However, different studies already proved the ability of carotenoids in
preventing BC. High intake of carotenoids can lower the risk of having BC by nearly 20%
when compared to low intake [251,252]. The Nurses” Health Study also reported that a
mean intake of fruit and vegetables above 5.5 servings/day significantly reduces BC risk
by 11%. Therefore, being the most potent carotenoid, Fx is believed to have the ability to
prevent BC by reducing obesity.

The anti-obesity mechanism of Fx is complicated. Other than UCP1 and the branch
metabolism effects induced by Fx, studies also suggest the relationship between obesity
and the antioxidative/antiangiogenic effects of Fx [247,253,254]. Since Fx exerts both
antioxidative and antiangiogenic activities, the obesity preventive and reductive mechanism
behind Fx can be intricate.

4. Conclusions and Future Perspective

Figure 1 summarizes the anticancer effects of Fx and Fxol, which include suppression
of cancer proliferation, metastasis, angiogenesis and carcinogen metabolism, induction
of apoptosis, scavenging and quenching of free radicals and regulation of TME. Since
the involvement of NF-«B members is frequently observed, it is believed that the NF-«B
pathway is the key to contributing to the anti-cancer mechanism of Fx. The anti-obesity
and anti-oxidative effects of Fx and Fxol potentially contribute to BC prevention; however,
further investigation is needed. Besides, Fx and Fxol are believed to be potential adjuvant
drugs for BC chemotherapy in overcoming resistance to first-line drugs and augmenting
their efficacies. It is believed that more in-depth studies on Fx and Fxol will bring novel
and exciting therapeutic strategies for the treatment of BC.
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Figure 1. Anticancer and cancer prevention effects of Fucoxanthin (Fx) and Fucoxanthinol (Fxol). The
most important molecular pathways involved in Fx/Fxol’s mechanisms of action are also depicted.

Fx is currently gaining great attention due to its potent anti-proliferative effects in
many cancer types. However, insufficient clinical evidence and lack of a global picture
delineating the mechanisms of action underlying its therapeutic effects have hindered its
clinical application in BC treatment. Therefore, it is essential to increase the number of
research investigations of Fx for BC in both in vivo and in vitro designs. Only by raising
the novelty of Fx can the implication of Fx in humans be made possible.

In fact, Fx is proved to inhibit angiogenesis in HUVECs and HLECs and regulate
TME in RAW 264.7 cells. It is worth investigating its anti-angiogenic effects in BC cell
models. Besides, 3D cultured cell models that imitate a realistic cancer situation can also be
used. Furthermore, research related to the anti-obesity effects and the regulation of CYP
enzymes’ activity also has huge implications, and such research may act as the pioneer to
the metabolism study of Fx in BC.

Other than the anti-cancer effects, Fx is also proved to be a potential drug adjuvant
in BC. Despite the advancement of neoadjuvant chemotherapy, the development of drug
resistance remains the biggest challenge in treating BC. The use of combination therapy
is a common therapeutic regimen for BC patients since it can increase the efficacy of the
treatments and at the same time prevent tolerance in tumor cells. Therefore, including
Fx for BC combination therapy may provide more options to the clinics and benefit more
patients in the future.

The safety and anti-cancer effects of Fx and Fxol have already proved by many animal
experiments. Clinical trials will be the next to validate the efficacy and safety of Fx and Fxol
in BC treatment. Beside the clinical use, Fx is also believed to be a good dietary supplement
due to its low cytotoxicity, high nutrient value and remarkable cancer multi-prevention
effects. The cost-effective factor of Fx makes the bulk production worth considering since
abundant sporophyll can be harvested from the seaweeds.
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