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Preface to “Marine Carotenoids in Inflammation and
Cancer”

Acute inflammation is a highly regulated biological response that can arise in organisms in
response to pathogens, toxic agents, or tissue damage. This inflammation is accompanied by
oxidative conditions triggered at the site of the injury to combat infection or damage, with the
aim of removing harmful stimuli and restoring tissue homeostasis. However, uncontrolled acute
inflammation and oxidative stress can lead to a chronic inflammatory state, which is believed to play
an important role in the pathogenesis of many diseases, including cancer. Currently, the need to
find new anti-inflammatory and anticancer compounds has given rise to a vast number of studies in
the marine environment, which represents an excellent source to isolate bioactive molecules, such as
carotenoids, due to their antioxidant and anti-inflammatory activities.

In this Special Issue, the reported products are the main carotenoids ([3-carotene, lutein,
astaxanthin, canthaxanthin, zeaxanthin, and fucoxanthin) found in marine organisms such as
microalgae, macroalgae, cyanobacteria, and archaea, and other minor carotenoids found in some
of these groups of microorganisms (bacterioruberin, cryptoxanthin, adonixanthin, siphonaxanthin,
sioxanthin, and myxol). This Special Issue covers both the in vitro and in vivo evaluation of marine
carotenoids with anti-inflammatory and anticancer activities as well as clinical trials conducted in
humans. Among the properties of carotenoids discussed in this book, it is worth highlighting
the potential of astaxanthin and its precursor metabolite, adonixanthin, since oral administration
of these carotenoids has shown beneficial effects on glioblastoma for the first time by suppressing
cell proliferation and migration. In addition, astaxanthin has been shown to inhibit Helicobacter
pylori-induced gastric carcinoma cell motility and, consequently, cancer progression through the
inhibition of cytoskeleton reorganization. In addition, a carotenoid-containing lipid extract of
Gloeothece sp. has demonstrated antioxidant, anti-inflammatory, and anticancer properties in vitro.

Additionally, this book compiles some complete reviews, with one of them covering current
knowledge of marine carotenoids as anti-inflammatory and anticancer agents. Another review
on haloarchaea has shown that a rare carotenoid, bacterioruberin, has an antioxidant role in
a breast cancer environment and is being considered a promising drug in this type of cancer.
Furthermore, fucoxanthin and astaxanthin have shown photoprotective activities in skin diseases
and skin cancer. Moreover, astaxanthin has been shown to be a good therapeutic agent in
neurological and neuroinflammatory diseases. Another review reported the beneficial effects of oral
administration of xanthophylls (fucoxanthin, astaxanthin, lutein, and zeaxanthin) in many oxidative
and inflammatory pathologies, as well as their bioavailability in the human body. Finally, given the
low bioavailability of carotenoids when consumed, this Special Issue compiles the current studies on

advanced nanoformulations that act as carotenoid carriers leading them to target sites.

Elena Talero, Javier Avila-Roman
Editors
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Abstract: Bioactive lipidic compounds of microalgae, such as polyunsaturated fatty acids (PUFA)
and carotenoids, can avoid or treat oxidation-associated conditions and diseases like inflammation or
cancer. This study aimed to assess the bioactive potential of lipidic extracts obtained from Gloeothece
sp.—using Generally Recognized as Safe (GRAS) solvents like ethanol, acetone, hexane:isopropanol
(3:2) (HI) and ethyl lactate. The bioactive potential of extracts was assessed in terms of antioxidant
(ABTS**, DPPH®, *NO and O,*assays), anti-inflammatory (HRBC membrane stabilization and
Cox-2 screening assay), and antitumor capacity (death by TUNEL, and anti-proliferative by BrdU
incorporation assay in AGS cancer cells); while its composition was characterized in terms of
carotenoids and fatty acids, by HPLC-DAD and GC-FID methods, respectively. Results revealed a
chemopreventive potential of the HI extract owing to its ability to: (I) scavenge "NO® radical (ICs,
1258 + 0.353 pg-mL~1); (II) inhibit 50% of COX-2 expression at 130.2 + 7.4 ug-mL~?; (II) protect
61.6 & 9.2% of lysosomes from heat damage, and (IV) induce AGS cell death by 4.2-fold and avoid
its proliferation up to 40% in a concentration of 23.2 + 1.9 ug~mL’l, Hence, Gloeothece sp. extracts,
namely HI, were revealed to have the potential to be used for nutraceutical purposes.

Keywords: lutein; 3-carotene; linolenic acid; linoleic acid; lipidic compounds; carotenoids; PUFAs

1. Introduction

The first reports on cyanobacteria date back to the time of Aztecs who used Spir-
ulina (Arthrospira platensis, A. maxima) as food [1]. Nowadays the potential application of
cyanobacteria in our daily lives has been well documented. Such microscopic organisms
are indeed a universal source of a vast array of chemical products with applications in the
feed, food, nutritional, cosmetic, and pharmaceutical industries [1-3]. The last decades
have witnessed the massive development in the production of cyanobacteria through
the improvement of processing methods, with particular emphasis on the extraction of
high-value compounds to be used as nutraceuticals and pharmaceuticals [1,4].

Nevertheless, the exploitation of prokaryotic and eukaryotic microalgae is restricted
to a few strains and most species remain largely unexplored. So far, till 2019, 260 families

Mar. Drugs 2021, 19, 623. https:/ /doi.org/10.3390/md19110623
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of bioactive compounds were identified in cyanobacteria with a wide range of applica-
tions, e.g., agriculture, pharmacology, cosmetology, or in the food industry; belonging to
10 different classes: alkaloids, depsipeptides, lipopeptides, macrolides/lactones, peptides,
terpenes, polysaccharides, lipids, polyketides, and others [5]. Additionally, 14 major activi-
ties have been listed from the literature, among them are cytotoxicity, anti-inflammatory,
and antioxidant, activities, at which bioactivities are particularly attributed to carotenoids,
chlorophylls, mycosporine-like amino acids, and phycocyanins [5].

Extensive research efforts during the last decades revealed that continued oxidative
stress may activate mechanisms that lead to chronic inflammation—which, in turn, could
mediate chronic diseases like cancer. Oxidative stress occurs due to an imbalance between
the production of free radicals, such as reactive oxygen species (ROS), and their elimination
by natural protective mechanisms, such as antioxidants molecules. This imbalance may
lead to injury of vital biomolecules, cells, and eventually the whole organism [6]. Therefore,
the search for antioxidants or radical scavengers able to neutralize the harmful effects
of oxidative stress has been in order, as they would prevent or treat inflammation or
cancer [7,8].

Cancer is nowadays the 6th leading single cause of death worldwide [9]. This disease
occurs due to an imbalance between the rate of cell proliferation and apoptosis; thus, an
ideal therapy would be based on the ability to restore this balance, by either reducing
cancer cell growth and/or promoting cancer cell death [10]. Gastric cancer ranks as the 5th
most common type of cancer, and is the 3rd in cancer-related death [11]; its development
has been frequently associated with severe inflammation caused by bacterium Helicobacter
pylori [12].

It should be emphasized that it was found long ago that oxidative stress, chronic
inflammation, and cancer development are closely related, particularly in what concerns
their activation pathways—which entail the production of several inflammatory signaling
molecules, like prostaglandins (PGs) as well as oxygen- and nitrogen-derived free radicals,
as schematized in Figure 1 [7], a key characteristic of tumor promoters is their ability to
recruit inflammatory cells and to stimulate them to generate ROS [7,13]. On the other hand,
ROS are usually generated during mitochondrial metabolism and play an important role in
cell signaling and homeostasis. ROS such as NO®, are produced during the inflammatory
process [14] in response to inflammatory stimuli (e.g., cytokines or pathogens)—and some
cases of deregulated inflammatory responses; thus may accordingly promote a state of
chronic oxidative stress and inflammation [15].

The triggering of the inflammatory pathway by lipopolysaccharides (LPS) causes
rapid activation of NOX2 and NADPH oxidase, and release of internal O,°~. This radical
triggers, in turn, NF-«B phosphorylation, by activating several enzymes—namely cyclooxy-
genase 2 (COX-2), and iNOS which induce the release of PGE2, free radicals like O,°~ and
NO, and the chemokine MCP-1. Other activation products of NF-«B include anti-apoptotic
factors, cell cycle regulators, and adhesion molecules—which may be related to cancer cells’
survival, proliferation, adhesion, invasion and metastasis, and angiogenesis [16]. Of note,
the release of such mediators, like cytokines, may be regulated by secretory lysosomes. In-
deed, secretory lysosomes can secrete or degrade inflammatory cytokines in the regulation
of cytokine release, thus positively and negatively regulating the inflammation, having
a feedback mechanism to adjust the balance of the inflammatory response in cells and
organelles. Furthermore, involvement of a lysosomal membrane protein in the activation of
NF-«kB and other pathways suggests that the lysosomal compartments may play a central
role in the inflammatory signaling network—and accordingly, provide a theoretical basis
for the development of anti-inflammatory drug combinations consisting of a lysosomal
inhibitor [17], see Figure 1.

Another common strategy followed in the formulation of anti-inflammatory agents is
based on suppressing of production of inflammatory mediators, such as COX-2 inhibitors,
that interfere with the initiation and progression of inflammation-associated diseases [18].
PGs were found in several kinds of tumors, like gastric cancer [19] or colon adenocarci-
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noma [20]; causing tumorigenic effects, such as stimulation of cell growth and angiogenesis,
inhibition of apoptosis, and suppression of the immune system. Several studies also in-
dicate that COX-2 inhibitors can reduce the risk of development of colon, lung, or skin
cancer [21-23], and namely improve therapeutic effects on human cancers in combination
with chemotherapeutic [24].

Q\Oé," o7y
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iNOS f/ :_Nos /
COX-2
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Anti-Apoptotic Cellcycle ‘ Adhesion Cytokines
factors regulators molecules

Cancer Growth Tumurogenesis Cancer Proliferation

Figure 1. Brief schematic representation of how oxidative stress, inflammation, and cancer develop-
ment may be correlated. After the lipopolysaccharide (LPS) inflammatory activation pathway in a
macrophage cell, secretory lysosomes (') secrete or degrade inflammatory cytokines in regulating
cytokines released by immune cells through a feedback mechanism. Phosphorylation of NF-kB
activates several enzymes, e.g., cyclooxygenase(COX-2), oxidase, and iNOS, thus inducing the release
of prostaglandins (PGE2), O,°~ and other molecules like anti-apoptotic factors, cell cycle regulators,
adhesion molecules that are likely to be related to tumorogenesis, cancer cell growth and proliferation.
The unbalanced increase of the former may lead to tumorogenesis and (among other events) cancer
growth and proliferation.

In practice, the synthetic drugs used to treat these disorders may bring about se-
vere side effects; hence is important to find compounds from biological sources, such
as cyanobacteria, lacking adverse effects [25]. Carotenoids and PUFA from microalgal
sources have indeed been claimed to have anti-cancer and anti-inflammatory properties,
having sometimes an antioxidant-based mechanism of action [26-28]. Some of them have
even been proposed for the treatment and prevention of such chronic diseases [29,30].
Epidemiological studies suggest that carotenoids can prevent free radical-dependent oxi-
dation of LDL, cholesterol, proteins or DNA, by capturing free radicals and thus reducing
stress induced by ROS [31]. Furthermore, PUFA, namely n-3 PUFA, was described to hold
antioxidant and anti-inflammatory effects [32-34].

In the particular case of cancer, some strategies of chemoprevention can be accom-
plished by incorporating antioxidant compounds in the diet, which would block or delay
cancer development, either in the initial phase of carcinogenesis or at the stage of pro-
gression of neoplastic cells to cancer [35]. A clear example is 3-carotene, which protective
effect against cancer was intimately associated with its antioxidant role [2] and COX-2
suppression abilities [36]. Moreover, the potential of microalgal lipidic components as

3
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chemopreventive agents was observed in colon, skin, and stomach cancer [2]. Also, other
carotenoids such as violaxanthin, zeaxanthin, lutein, and fucoxanthin, or ethanol-based
carotenoids-extracts, isolated from microalgae, exhibited antiproliferative activity against
different cancer cells [27,35,37-40].

For this study, a scarcely studied prokaryotic colonial microalga was selected, Gloeothece
sp., with promising bioactive lipidic composition [41]. This study aimed to exploit the
bioactive potential of its lipid extracts, as a new source of antioxidant, anti-inflammatory, and
antitumor compounds—thus forecasting a possible application in the food and nutraceutical
industry. Hence, GRAS (Generally Recognized as Safe) solvents—ethanol, acetone, ethyl
lactate, and a mixture (3:2) of hexane/isopropanol, were selected to extract lipidic bioactive
compounds from Gloeothece sp. [42,43].

2. Results
2.1. Biochemical Composition of Extracts

Gloeothece sp. extracts may have the potential of application in the nutraceutical indus-
try, due to their content in bioactive compounds as carotenoids, polyunsaturated fatty acids
(PUFA), or phenolic compounds. First, a crude characterization of extracts composition in
terms of each family of compounds (mc/mg, %) was done, as depicted in Figure 2.

100+

Chemical composition (%)
w
?

A E HI EL

Extracts

Figure 2. Gloeothece sp. extract’s composition (mc/mg, %) in terms of [ | MUFA, [ | PUFA,
D carotenoids, ‘:‘ phenolic compounds, and other unidentified compounds, obtained with acetone (A),
ethanol (E), hexane:isopropanol (1:1, v/v) (HI) and ethyl lactate (EL).

It can be observed that A and E extracts are mainly composed of fatty acids, ca.
60 and 66%, respectively, most of them PUFA (more than 40%). Extract A also exhibited
the highest percent composition in phenolic compounds (13%, mc/mg), followed by HI
extract (ca. 8%, mc/mg). The contents of carotenoids were ca. 4% in all extracts, except for
E, which reaches 6.5%.

A detailed fatty acids composition, available in Table 1, reveals different profiles in
monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids, either in terms of
concentration (UgFatty Acid MBExtract ') and content (%, Mpauty Acid/ MTotal Fatty Acid)-

Concerning the MUFA C18:1 n9 c+t (oleic acid, OA), this is the one present in higher
content and the 3rd in terms of all fatty acids. Its content in all extracts ranges between
144 (E) and 174% (EL), having a higher concentration in extract A,
53.796 + 2.918 ugraty Acid~mggxtracfl—i.e,, approximately half of concentration in E, and
one quarter in HI and EL.

In terms of PUFA, E and A exhibited a higher content, 40.7 and 46.0% (mga /mTEa),
respectively. In another way, HI and EL accounted for 80 and 71.3 (%, mga /mtga), respec-
tively, in saturated fatty acids (data not shown).
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Table 1. Fatty acid concentration (ugpatty Acid MEExtract ) & standard deviation and content (MFatty Acid/MTotal Fatty Acids %)
in each Gloeothece sp. extracts, E—ethanol extract, A—acetone extract; HI (3:2)—Hexane:Isopropanol (3:2, v/v) extract, and
EL—ethyl lactate, in terms of monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA).

Fatty Acids Concentration and Content (ugga -mgg 1, % (mpa/mTgs)

Fatty Acids E A HI (3:2) EL
141 0.520 + 0.002 1.495 + 0.013 0.937 + 0.001 0.607 + 0.020
: 03 13 23 33
161 1.046 + 0.053 2.426 £ 0.158 0.994 £ 0.023 0.869 = 0.092
: 07 17 27 37
c17 6.849 + 0.012 19.154 + 2.152 2517 + 0.099 1.017 + 0.187
: 43 53 6.3 7.3
C18:1 10 22812 4+ 1.118 53.796 + 2.918 12,910 + 2.598 @ 12.767 + 1.980
A n9ctt 14.4 15.4 16.4 17.4
o110 0.184 £ 0.010 2 0.849 = 0.043 0.202 =+ 0.057 2 0317 = 0.016
an 03 0.2 23 33
31.412 76.870 17.559 15.577
Z MUEA 20.0 24 85 15.6
189 m6 24.242 + 0.597 59.711 + 3.278 11.683 + 1.432 6.240 + 1.510
206t 153 16.3 17.3 26.4
186 0.406 = 0.025 0.984 = 0.012 0.308 - 0.083 @ 0.337 - 0.008 @
“noe 0.3 13 2.3 33
C183m6 1.934 + 0.030 1.467 + 0.039 @ 1.250 + 0.152 P 1.267 + 0.196 &P
on 1.2 22 3.2 42
18313 37.233 + 0.685 96.765 + 5.713 13.216 =+ 0.225 4575 + 1.437
o n 234 24.4 25.4 18.3
202 0.498 = 0.009 0.724 £ 0.205 0.943 £ 0.701 2 0.289 + 0.014
: 0.25 13 23 33
0344 £ 0.023 2 . 0.283 + 0.105 2 0.462 + 0.071
C20:5 n3 02 i ”s 22
64.160 159.651 27.682 13.170
L PUFA 407 46.0 115 132

ab Same lowercase letters for the same fatty acid mean no significant difference between extracts (p < 0.05).

Among PUFA, C18:3 n3 (x-linolenic acid, ALA) attained the highest content in all extracts,
between 23.4 (E) and 26.4 (EL) % (mpa /mTpa); but with a higher concentration in A (96.765 +
5.713 ugpA~ng*1); followed by E (37233 £ 0.685 ugFA-mggfl), HI
(13.216 + 0.225 pgpa -mgg 1), and EL (4.575 + 1.437 ugpa -mgg~1). In other way, the PUFA
C18:2 n6 t (linoleic acid, LA) attained the highest concentration, 6.240 4= 1.510 ugFA-ngfl, in
the EL extracts. Note that conjugated linoleic acid (CLA, C18:2n6 t + C18:2 n6 c), also in high
content (%, mga /mTEa) and concentration (ngFA'ng_l) in E, (15.5%, 60.695 p.gl:A~ng_1),
followed by EL (6.6%, 6.577 pugpa-mgg 1), HI (5%, 11.991 ugpa mgg 1), and A (1.5%, 24.648
ugFA~ng*1). Furthermore, C20:5 n3, (eicosapentaenoic acid, EPA) was detected in EL and HI
extracts, in concentration of 0.462 + 0.071 and 0.283 + 0.105 ngA~ng_1, respectively.

Observing the carotenoid profile and concentration (see Figure 3), extract A—besides
having the highest concentration in total carotenoids, contains a quite different profile from
the others, while E and HI profiles appeared to be similar. In another way, EL contains
the fewest carotenoids and lowest content. Lutein is the most abundant carotenoid in
all extracts, being ca. 35% more concentrated in A (10.73 4 0.59 ugcarot-mggf]) than
in E and HI, and 69% more than in EL, 3.19 + 0.22 ugcamrmgg_l. Neoxanthin is the
second most abundant xanthophyll, with 3.21 + 0.23 charot'ng71 in A, i.e., 1.5-fold
that of E, 2.1-fold of HI, and 4.1-fold of EL. Moreover, A is the only extract than contains
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zeaxanthin 1.07 + 0.12 ugcamt-ngfl, and the highest concentration of x-carotene, i.e.,
0.53 + 0.04 ugcarot-ngfl, and B-carotene, i.e., 1.60 £ 0.03 ugcamt-ngfl.

12.51
10.0
7.59

5.0

Fgcarm-ng-1

2.5

A‘I-ﬂ"i- I

T T f
Violaxanthin  Neoxanthin Lutein Zeaxanthin  q-Carotene  p-Carotene

Carotenoids

Figure 3. Carotenoid profile and content (1gearotenoids MEExtract ) in each Gloeothece sp. extract,
[ Acetone (A), [ Ethanot (E) [ | Hexane:Isopropanol (3:2) (HI) and [ | Ethyl Lactate (EL) extracts.

2.2. Antioxidant Capacity of Lipidic Extracts

The extracts were tested for their total antioxidant capacity (via ABTS** and DPPH*®
methods), and specific radical antioxidant capacity for radicals O,°~ and *NO.

As observed in Table 2, all extracts exhibited total antioxidant capacity—although
in some assays the ICs, values could not be estimated within the range of concentrations
tested, such as O,°~ assay.

Table 2. Comparison of antioxidant capacity of Gloeothece sp. extracts (average + standard deviation),
against the radicals ABTS*®, DPPH®, *NO~ and O,°~, expressed in terms of ICs5y (MgExract-mL 1),
and values of IC50 values (average & standard deviation) of extracts on cell viability, according to
sulforhodamine B (SRB) assay for gastric cancer cell lines, AGS.

Antioxidant Capacity ICsg (mgg-mL~1)

Solvent SRB ICs
olvents ABTS** DPPH® 0,0 *NO- (ugg-mL-1)
Ethanol 0259 £ 0074 4 538 1 0.012 nd 0.637 £0.024 241.0 +22.52

Acetone 0217 E0009 4976 1 0,032 nd 028440090 1144+ 64

HI32 (o/0) 02830034 nd nd 1258+ 0353 232+ 1.9
Ethyl lactate  5.809 + 0.203  4.016 & 1.256 nd nd 209.3 +11.02

ab Means within the same column, without a common superscript, are significantly different (p < 0.05).
HI—Hexane: isopropanol (3:2) v/v; nd—not determined.

No significant differences were found between E and A extracts (p < 0.05) in ABTS®**
assay, and A extract exhibited the lowest IC5y in DPPH® and *NO™ assays. Although the
ICsq for EL extract at *®NO™ assay could not be calculated in the range of concentrations
tested, it was revealed to have antioxidant capacity.

2.3. Antitumoral Features of Lipidic Extracts

Among the available cancer adenocarcinoma cell lines, AGS highlights as being the
gastric line most used in vitro study models [44]. Hence, antitumor capacities of all extracts
were evaluated through different assays, using AGS cell line as a model. First, the cancer
cell viability was evaluated by Sulforhodamine B assay, and IC5p was determined for each
extract. The ICs values of each extract were then used to determine whether the extracts
were able to promote cell death via TUNEL assay; and whether the extracts were able to
inhibit cancer cell proliferation, via cell proliferation BrdU assay.
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2.3.1. Evaluation of Cancer Cell Viability by Sulforhodamine B Assay

Sulforhodamine B assay (SRB) uses the protein-binding dye SRB to indirectly assess
cell growth [45,46].

Despite DMSO being widely described to be cytotoxic depending on its concentration—
yet, it was used to suspend extracts at low and non-cytotoxic concentrations. DMSO was
thus titrated in these cell lines and, it was found that a concentration of 0.25% (v/v) was
innocuous to AGS cells (data not shown).

For each extract, a dose-response curve was established, allowing determination of
the extract’s concentration causing a cell growth inhibition of 50%, as shown in Table 2.

From the results calculated in Table 2, HI extract outstands for its lowest ICs( val-
ues, reaching values 5- to 10-fold lower when compared to the other extracts. IC50 val-
ues determined for each extract were then used to perform the cancer cell death and
proliferation assays.

2.3.2. Evaluation of Cancer Cell Death via TUNEL Assay

TUNEL is a common method for detecting DNA fragmentation that may result from
cell death, either by apoptosis or necrosis [47]. Induction of DNA fragmentation in AGS
cells, treated with the different extracts, at their ICsy by 48 h of treatment, was examined
using TUNEL. The results produced (Figure 4) show that treatment with all four extracts
results in a significantly increased cell death (p < 0.05), yet a stronger effect was observed
for HI extract—which increased AGS cells death by c.a. of 4-fold.

1.50
A B
* 1{
%
1.00
075
2
050
1 025
0 T T T 0.00 T T T T
A E HI EL HI EL

DMSO DMSO A E

Cell Proliferation
(TBrdU incorporation)/ fold increase

Gell Death (TUNEL) / fold increase

Extracts (ICgp) Extracts (ICgo)

Figure 4. Antitumoral features of Gloeothece sp. lipidic extracts (A) AGS cell death, quantified by
fold increase ] Acetone (A), [ Ethanol (E), O hexane:isopropanol (3:2) (HI) and | Ethylic lactate
(EL) extracts; and, (B) AGS cell proliferation, quantified by fold increase by Acetone (A), Ethanol (E),
hexane:isopropanol (3:2) (HI) and Ethylic lactate (EL) extracts, using DMSO as a negative control.
Bars with a common character are significantly not different (p < 0.05) from the DMSO control.

2.3.3. Evaluation of Cancer Cell Proliferation

Assessment of cell proliferation by BrdU assay is based on the incorporation of BrdU
into their replicating DNA, which can further be detected by immunofluorescence. For
a quantitative approach, samples were analyzed by flow cytometry. Results revealed
an anti-proliferative effect of the HI and EL extracts upon AGS, via 40% of inhibition of
proliferation in ca., while cells treated with the E or A extracts behaved no differently from
the negative control with DMSO (Figure 4), i.e., exhibited no antiproliferative effect.

2.4. Anti-Inflammatory Potential of Lipidic Extracts

The mechanism of inflammation can be partially triggered via the release of ROS, from
activated neutrophils and macrophages, thus leading to damage in macromolecules caus-
ing, namely, lipid peroxidation of membranes. ROS spread inflammation by stimulating
the release of cytokines, regulated by lysosomes, which in turn stimulate the recruitment
of additional neutrophils and macrophages. Lysosome structure conveys a physical and
functional interface among cell organelles, as it plays a role in negative or positive modula-
tion of the production of inflammatory cytokines [17,48]. Furthermore, free radicals are
mediators that induce or sustain inflammatory processes; hence their neutralization by
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antioxidants and radical scavengers are fundamental to reducing inflammation [49]. In this
context, extracts from Gloeothece sp. were screened for their potential anti-inflammatory
features, by resorting to two different assays, one reflecting the stabilization of extracts on
Human red blood cell (HRBC) membrane induced by heat, and another that ascertains the
capacity of such extracts to inhibit the human enzyme COX-2.

2.4.1. Human Red Blood Cell (HRBC) Membrane Stabilization Assay

This assay allows the characterization of the capacity of Gloeothece sp. extracts to pro-
tect erythrocytes from hemolysis when heat is supplied. Since the erythrocyte membrane
is quite similar to the lysosomal one, indirectly is possible to conclude if any Gloeothece
sp. extract holds any capacity in the stabilization of lysosomal membranes [50], and so, if
they have the potential to be used as a non-steroidal drug—the common anti-inflammatory
drug that inhibits lysosomal enzymes or stabilizes their membrane.

Results show that the HI 3:2 (v/v) extract is the most promising as it exhibits a
protection capacity of 61.6 + 9.6%; nonetheless, EL extract also appears to hold some
potential in protecting HRBC membranes. Conversely, the E and A extracts did not show
significant protective capacity (see Table 3).

Table 3. Anti-inflammatory potential of Gloeothece sp. lipidic extracts, upon the protection of
HRBC membranes (average + standard deviation) from heat, expressed in percentage of stabiliza-
tion and IC50 (average + standard deviation) values of extracts obtained at of COX-2 enzymatic
activity inhibition.

COX-2 Enzymatic Activity Inhibition

TSN
Solvents HRBC Stabilization (%) ICso (ugg-mL-1)
Acetone - 116.8 £7.7
Ethanol - 198.3 £15.2

HI3:2 (v/v) 61.6 £9.2 1302 £7.4

Ethyl lactate 148 £ 4.3 -

2.4.2. Cox Human Inhibitory Assay

Cyclooxygenases (COXSs) catalyze reactions that lead to the formation of pro-inflammatory
prostaglandins (PG), thromboxanes, and prostacyclins. Hence, the ability of extracts to inhibit
the conversion of AA to Prostaglandin H2 (PGH2) via inhibition of COX-2 was determined. All
concentrations tested exhibit anti-inflammatory activity in vitro, by inhibiting PG production
in a dose-dependent manner. However, the extracts exhibited different behaviors within the
range of concentrations tested, data not shown.

While A and EL at lower extract concentration induces a higher inhibition, a linear
percent of inhibition is of E concentration was observed, whereas a non-significantly
percentage of inhibition variation was detected with HI concentration. In terms of total
inhibition capacity of COX-2 enzymatic activity, one notices that A, E, and HI performed
equally well beyond 50% with no significant differences between them (p < 0.05); however,
the corresponding IC50 values (see Table 3) revealed that A and HI extracts attained the
lowest values, without significant differences (p < 0.05).

2.5. Cytotoxicity

For a putative application of Gloeothece sp. extracts as a nutraceutical ingredient, it
is mandatory that extracts do not exhibit any cytotoxicity to non-cancer cells. Therefore,
cytotoxicity effects upon HCMEC cells were assessed after 24 h (see Figure 5A) and 48
h (see Figure 5B), using DMSO 1% as a negative control. Results show that A extract
is cytotoxic, although its cytotoxicity decreases after 48 h. However, promising results
were observed concerning the E extract, since there was no evidence of cytotoxicity at
all concentrations tested. On the other hand, both HI and EL extracts were not lethal up
to 100 ug-mL~'; the highest concentrations tested were toxic, although toxicity decreases
with time.
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Figure 5. Cytotoxicity evaluation of Acetone (A), Ethanol (E), Hexane:Isopropanol (3:2) (HI) and Ethyl Lactate (EL) Gloeothece
sp. extracts, against HCMEC cell line, tested at U 50, O 100, M 200 and M 300 pg-mL~!, by 24 h (A) and 48 h (B). Bars
marked with the same letter in the same superscript have no significant difference relative to the control (p < 0.05).

3. Discussion

Drugs commonly used to treat inflammation and cancer raise severe side effects, such
as toxicity and decreased life quality [51,52]. In this regard, this work aimed at making
a preliminary test of Gloeothece sp. extracts to be eventually used as a natural source in
nutraceuticals, and/or as a potential chemopreventive agent—based on the composition
in carotenoids and PUFA, coupled with antioxidant, antitumoral, and anti-inflammatory
features. Pearson correlations were calculated (data not shown) between composition
(carotenoids and PUFA) and bioactive features, however possible synergetic effects among
the molecules, that were not possible to measure, may contribute to its bioactive potential.
Hence, these features will be discussed separately, and then in an integrated manner.

3.1. Antioxidant Capacity of Lipidic Crude Extracts

The antioxidant capacity of cyanobacterial carotenoids is well established—particularly
concerning lutein and (-carotene [27,29,30,53], and long-chain fatty acids such w3
PUFA [30,32]. Analyzing the extract contents in PUFA (see Table 1), carotenoids (see
Figure 2) and, it results of total antioxidant capacity, it is possible to correlate extract
concentration of carotenoids and PUFA with antioxidant bioactivity—at which A extract,
stands out due to its lowest ICsy values at all antioxidant assays. As observed previously,
lutein probably contributes the most to said bioactivity, owing to its higher concentra-
tion [54]. However, other carotenoids (e.g., f-carotene and neoxanthin) should not be
overlooked owing to their concentrations, as well as such PUFA as 18:1 n9, 18:2 n6, and
18:3 n3 based on the ICsy values of Gloeothece sp. extracts (A > E > HI > EL). Particularly, a
correlation was found with C18:2n6 (r =1, p < 0.083).

Concerning the specific radical’s scavenger capacity, results reveal the same trend,
particularly in NO*® assay, in which the lowest IC5y was again observed in the A extract.
The high concentration of total carotenoids and PUFA, namely lutein and C18:2 n6, may
account for their important antioxidant role (r = 1, p < 0.083), as reported before [55-57].

Although the IC5, values for the O,°~ assay could not be found at the tested concen-
trations, some scavenging effects were detected at E and EL extracts—data not shown.

Hence, owing to the antioxidant scavenging capacity of A and E extracts against NO*®
and O,°" radicals in vitro, a similar capacity is expected in vivo—with a preventive role of
chronic inflammatory diseases, cancer, or neurodegenerative disorders [58,59].

3.2. Antitumoral Features of Cyanobacterial Extracts

Unlike observed with antioxidant capacity, the most promising extracts, in terms of
inducing AGS cell death and cell proliferation, are HI and EL extracts; where it cannot be
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established a clear correlation of antitumor capacity and high content in carotenoids and
fatty acids.

Despite a possible interaction of all extracts’ compounds, some evidence relate such
bioactivities with some compounds identified in Gloeothece sp. extracts, such as phenolic
compounds. Although these compounds have not been characterized, the content in
aromatic compounds is described to exert effects in bioactivities, particularly in antitumor
and anti-inflammatory agents [60].

From a nutraceutical point of view, dietary supplementation of 3-carotene in animal
models of colon carcinogenesis has revealed anticancer capacities for that compound [61],
as well as growth-inhibitory and pro-apoptotic effects in human colon cancer cell lines [36].
It has also been demonstrated that such chemopreventive activity is dose-dependent, a
high dose proving to be harmful and likely to have a proliferative effect upon some cancer
cells lines [1]; this may explain why the HI and EL extracts, characterized by the lowest
levels of 3-carotene and lowest IC50 values, exhibited the best results upon cancer cell
death and proliferation. Additionally, such xanthophylls, violaxanthin have been found to
possess antiproliferative activity against different cancer cells [35], and in fact, HI extract
exhibited the highest level of violaxanthin.

Some PUFA, particularly w-3, have been reported to possess in vitro and in vivo
anticancer effects, via modulation of tumor growth or increase of cell death rate [62,63],
this is the particular case of EPA, able to inhibit some cancer cell lines proliferation in a
dose-dependent and time-dependent manner [62]. However, particular attention should
go to LA. Studies reveal that treatment of AGS and MKN cells with linoleic acid (C18:2n6),
in which EL extract has the higher content, led to an increase in a proapoptotic protein
expression and a decrease of an anti-apoptotic protein expression, as well as inhibits
the production of PGE2 and activity of telomerase by suppressing COX-2 and hTERT
expression, in a dose-dependent manner [64,65], which may be in line with our results
in AGS cell death. Indeed, in our study, a correlation was found between cell death and
C18:2n6 content (r = 1, p < 0.083).

It should be noted that the antitumoral ICs value for the HI extract (23.2 + 1.9 p.g-mL_l)
is lower than other hexanoic extracts reported before for human colon carcinoma cell line
(HCT116), for example for Chlorella ellipsoidea and C. vulgaris which ICsy value was ca.
41pg-mL~! and equivalent to the one obtained with pure lutein (21.02 + 0.85 pg-mL 1) [39].
Also, correlation was found for AGS cell proliferation and content of C18:1 n9, C18:2 n6, C18:3
n3 and (-carotene contents (r =1, p < 0.083).

3.3. Anti-Inflammatory Potential of Lipidic Crude Extracts

The anti-inflammatory potential of Gloeothece sp. extracts was assessed by two assays.
In the HRBC assay, HI extracts stood out in terms of inhibition capacity of 61%; hence, this
HI extract may potentially stabilize cell membrane and thus prevent stress-induced decay,
as well as stabilize the lysosomal membrane. This feature is crucial in the prevention of an
anti-inflammatory response induced by the release of lysosomal constituents, which cause
further tissue inflammation and damage upon extracellular release [50].

As seen before, the ability to inactivate COX-2 is indicative of the potential of an
extract to be used as an anti-inflammatory drug. All extracts of Gloeothece sp. exhibited that
ability, some of them having a dose-dependent response, like E extracts. However, extract
A exhibited the best performance at a concentration of 75 pg-mL !, inhibiting in ca. 57%
of COX-2 enzymatic activity; however, the possible application of A extracts use must be
discarded due to its cytotoxicity to HCMEC cells. Nonetheless, HI extract follows as most
promising due to ca. 48% of inactivation capacity and with no cytotoxicity associated.

A number of anti-inflammatory molecules obtained from microalgae have been shown
to display high antioxidant capacity, that is in the composition of A and HI, such as f3-
carotene, lutein, zeaxanthin, and w3 PUFA [66]. Some of the anti-inflammatory abil-
ity could be attributed to violaxanthin. This xanthophyll isolated from C. ellipsoidea
showed anti-inflammatory activity when it was tested on LPS-stimulated RAW 264.7
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mouse macrophages, by inhibiting NF-«kB activation and NO and prostaglandin E2 (PGE2)
production [67].

3.4. Potential of Application of Gloeothece sp. Extracts

Chemoprevention consists of the use of pharmaceutical drugs, or nutritional supple-
ments to reduce the risk of developing or having a recurrence of cancer. Several in vitro
and animal studies showed the chemopreventive properties of a few metabolites from
microalgae (e.g., carotenoids, fatty acids, polysaccharides, and proteins), namely against
colon and skin cancer [2].

Performance recorded for Gloeothece sp. extracts, particularly the A and HI shows that
they are a promising source in the eventual formulation of some nutraceutical products
bearing antioxidant, anticancer, and anti-inflammatory capacities. But despite the notable
antioxidant features of the A extract, particularly its ability to inhibit the radical NO®, its
potential application as a nutraceutical is limited due to its cytotoxicity.

Experimental and epidemiological evidence reported before suggests that anti-
inflammatory drugs may also decrease the incidence of some types of cancer, as well
as tumor burden and volume [68,69]. An attempt to provide a global overview of the
potential of action of HI and A extracts is conveyed by Figure 6.

b .lor
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Figure 6. Schematic representation of how the HI (red cross) and A (yellow cross) extracts may modulate oxidative stress,
inflammation, and cancer development. The HI extract protects membranes of secretory lysosomes, thus avoiding the

release of inflammatory cytokines and consequent feedback mechanism. The phosphorylation of NF-«B is activated. A
is able to reduce the produced NO radicals. HI and A are able to suppress cyclooxygenase (COX-2), and subsequent
release of prostaglandins (PGE2), as well as anti-apoptotic factors, cell cycle regulators, adhesion molecules related to
tumorogenesis, cancer cell growth, and proliferation. HI extract is able to inhibit cancer-related events such as cancer growth

and proliferation.
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Hence, the HI extracts of Gloethece sp. appeared to be the most promising as a chemo-
preventive agent in the nutraceutical industry because of their features as (1) antioxidant
namely high total antioxidant capacity and scavenging capacity against "NO® radical;
(2) antitumor induction of cell death upon AGS cells, along with anti-proliferative ef-
fects; and (3) anti-inflammatory, namely inability to inhibit COX-2 expression while
protecting lysosomes.

4. Materials and Methods
4.1. Microorganism Source and Biomass Production

Gloeothece sp. (ATCC 27152) was purchased from ATCC—American Type Culture
Collection (USA), and kept at 25 °C, using Blue Green (BG11) as culture medium [70].
For biomass production, in 4 L batch culture, first, a pre-inoculum, with an initial optical
density of 0.1 at 680 nm, was cultivated for 10 days in 800 mL of BG11 medium, buffered at
pH 8 with Tri-(hydroxymethyl)-aminomethane hydrochloride (Tris-HCl)—ensuring that
the microorganism was at the exponential growth phase at the time of inoculation for
biomass production. Hence, biomass production was started with an initial optical density
of 0.1 in BG11 medium buffered at pH 8 and was produced for 14 days under a continuous
illumination with fluorescent BIOLUX lamps, with an intensity of 150 umolphomn-m*LS*I,
and air bubbling at a flow rate of 0.5 L- min—!. Biomass was then collected by centrifugation
at 18 g for 10 min, the supernatant was rejected and pellet freeze-dried, and stored under
gaseous nitrogen until analyses were performed.

4.2. Extract Preparation

Extracts from Gloeothece sp. were obtained from 200 mg of lyophilized biomass, using
four alternative food-grade solvents (Fisher Chemical, New Hampshire, EUA): ethanol
(E), acetone (A), a mixture (3:2) of hexane/isopropanol (HI), and ethyl lactate (EL), as
previously tested [41].

4.3. Chemical Characterization of Extracts

Fatty acids and carotenoids are among the most widely known bioactive compounds
found in microalgae, which possess a high interest in the nutraceutical and pharmaceutical
markets; hence, solvent extracts were evaporated and residue composition was determined
for each Gloeothece sp. extract, as detailed below.

4.3.1. Profile and Content of Polyunsaturated Fatty Acids

The weighted residue was submitted to direct transesterification to produce fatty
acid methyl esters according to the acidic method described by Lepage and Roy [71],
after modifications introduced by Cohen et al. [72] using acetyl chloride (Sigma-Aldrich,
St. Louis, MO, USA) as catalyst. The internal standard used was heptadecanoic (C17:0,
Sigma-Aldrich, St. Louis, MO, USA) acid and esters were analyzed in a Varian Chrompack
CP-3800 gas chromatograph (GC), using a flame ionization detector, and quantified with
the software Varian Star Chromatography Workstation (USA, Version 5.50). Helium was
employed as the carrier gas in splitless mode and the silica CP-WAX 52 CB (Agilent) column
was used. The injector and detector were maintained at 260 and 280 °C, respectively, and
the oven heating program was the same as described before [42]. To identify PUFA,
chromatographic grade standards of fatty acids were used in methyl ester form CRM47885
(Supelco, St. Louis, MO, USA). Concentrations of each polyunsaturated fatty acid (PUFAs)
were determined and mean values were used as a datum point.

4.3.2. Profile and Content of Carotenoids

To determine the content in carotenoids of the extracts, high-performance liquid
chromatography (HPLC) was applied as an analytical technique as detailed before [54].
The residue was weighed and resuspended in acetone: acetonitrile (9:1); 8-3-apo-carotenol
(Sigma-Aldrich, St. Louis, MO, EUA) was used as internal standard. Standards were
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purchased from CarotNature, Lutein (No. 0133, Xanthophyll, (3R,3'R,6'R)-B,¢-Carotene-
3,3'-diol with 5% Zeaxanthin with 96% purity), p-carotene (No. 0003, B, p-carotene) with
96% purity) and B-apo-carotenol (No. 0482, 8'-Apo-p-caroten-8'-al) with 97% purity). The
elution times of the chromatographic standards were: 14.4 min for lutein and 34.4 min for 3-
carotene. Identification was by comparison of retention times and UV-visible photo-diode
array spectra, following the procedure by Guedes [54].

4.4. Antioxidant Effects of Lipidic Extracts

The antioxidant capacity of each extract was evaluated via four spectrophotometric
assays: two assessed total antioxidant capacity (ABTS*®, DPPH®); while the other two were
more specific for two biological radicals, superoxide (O,°~) and nitric oxide (*NO™)—with
the later be known to be correlated with inflammation processes.

A positive control, Trolox, was used to validate the antioxidant capacity of extracts
and putatively establish a calibration curve but comparing the antioxidant capacity of the
extracts, their ICsy values were established. A dilution series was accordingly prepared for
each extract, with concentrations ranging from 0.440 to 7 mg-mL~!—for ethanol, acetone,
and HI extracts, and from 1.5 to 24 mg-mL ™! for ethyl lactate extract, in Phosphate Buffered
Saline (PBS) containing 5% of DMSO. Each antioxidant assay was performed in triplicate,
as described in the following sub-sections.

4.4.1. ABTS**® Scavenging Capacity

The total antioxidant capacity was determined as the capacity to decrease the ab-
sorbance of blue/green chromophore 2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS®") (Alfa Aesar, Massachusetts, US). Absorbance was accordingly determined
at 734 nm, upon the reaction of the extract with ABTS®** for 6 min—as previously optimized
by Guedes et al. [54].

4.4.2. DPPH® Scavenging Capacity

The antioxidant capacity was determined, in triplicate, by reacting each extract with
2,2-diphenyl-1-picrylhydrazyl (DPPH?®) (Sigma-Aldrich (St. Louis, MO, USA), after an
incubation period of 30 min at room temperature in dark. The scavenging reaction was
monitored at 515 nm, as implemented before by Amaro et al. [41].

4.4.3. Superoxide Radical (O,° ) Scavenging Capacity
Superoxide radicals are generated by the NADH /PMS system. The extract antioxidant

capacity was determined by monitoring the absorbance of the reaction mixture, at 560 nm
and room temperature, for 2 min, as previously performed by Amaro et al. [41].

4.4.4. Nitric Oxide Radical (*"NO™) Scavenging Capacity
Each extract was incubated with sodium nitroprusside, for 60 min at room temperature,

in the light. Griess reagent was added afterward, and the chromophore reaction was carried
out in the dark for 10 min; absorbance was read at 562 nm [41].

4.5. Anticancer Effects of Gloeothece sp. Extract
4.5.1. Cancer Cell Culture

Human gastric carcinoma cell line AGS CRL-1739 (obtained from ATCC, USA) derived
from fragments of a tumor resected from a patient who had received no prior therapy,
were maintained in RPMI1640 (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% FBS (Lonza, Basel, Switzerland) and kept at 37 °C, in a humidified
5% CO, incubator.

4.5.2. Cancer Cell Viability Sulforhodamine B Assay

Solvents of each extract were evaporated by rotavapor and extracts resuspended with
the minimum amount of dimethyl sulfoxide (DMSO) (AppliChem, Darmstadt, Germany),
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thus producing in concentrations of 130, 150, 120, and 450 mg-mL’l, for acetone, ethanol,
HI and ethyl lactate extracts, respectively.

AGS cells in a concentration of 1 x 10* were seeded in 96-wells plates and treated
for 48 h with different concentrations of microalgal extracts (0 to 550 ug-mL*1 whenever
possible) or DMSO (AppliChem, Darmstadt, Germany) as negative treatment control (0.05%
v/v). As a positive control, DMSO 100%, was used to validate the antitumoral capacity
of extracts. Then cells were fixed by the addition of 50 uL of cold 50% trichloroacetic acid
(Merck Millipore, Kenilworth, NJ, USA) to each well, and incubating the plates at 4 °C for
1 h. Next the fixation step, the plates were washed three times with deionized water and
dried at room temperature. The cells were then stained with 50 pL of 4% sulforhodamine B
(SRB) (Sigma-Aldrich, St. Louis, MO, USA) in 1% acetic acid (Mallinckrodt Baker, Deventer,
The Netherlands) for 30 min and then washed three times with deionized water. After
the plates were dry, the cells were solubilized with 100 uL of 10 mM unbuffered Tris Base
(Sigma-Aldrich, St. Louis, MO, USA), and the optical density at 510 nm was measured
using the fluorimeter SynergyTM 4 Multi-Mode Microplate Reader (Biotek, Winooski, VT,
USA). Results were plotted as dose-response curves, and the ICs for each extract was
found and expressed as pgg-mL 1.

4.5.3. Cancer Cell Death TUNEL Assay

AGS cells were cultured in 6-well plates in a concentration of 7.5 x 10°, and treated
for 48 h with the microalgal extracts at the IC5) found at the SRB assay, for 48 h. DMSO
(AppliChem, Darmstadt, Germany) was used as a positive control treatment. Cells were
washed and trypsinized and the pellet obtained was fixed in 3 mL of ice-cold methanol
for 15 min. Then, cells were washed and resuspended in 500 pL of PBS. Incubation
with TUNEL reaction mix (1:9:10 concerning the Dilution Buffer reagent, according to
manufacture instructions—In Situ Cell Death Detection Kit Fluorescein, Roche, Mannheim,
Germany) was done for 1 h, at 37 °C, in the dark. Then, data were acquired using a BD
Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA).

4.5.4. Cancer Proliferative Assay

AGS cells were cultured in 6-well plates containing a concentration of 7.5 x 10°
and treated with the extracts at the ICsy found at the SRB assay, for 48 h, using DMSO
(AppliChem, Darmstadt, Germany) as positive control treatment. 5-Bromo-2'-deoxyuridine
(BrdU) (BrdU labeling and detection kit 1, Roche, Mannheim, Germany) was incorporated
in the cell culture medium at the ratio of 1:1000, and underwent incubation for 1 h, at 37 °C.
Straightaway the following incubation, the cells were harvested, washed with PBS, fixed in
1 mL of ice-cold methanol for 30 min, washed again, and resuspended in 500 uL of PBS.
This was followed by the incubation with 1 mL of HC1 4 M (Mallinckrodt Baker, Deventer,
The Netherlands), for 20 min, two washing steps with PBS, a blocking step (PBS containing
0.5% Tween 20 and 0.05% BSA), and finally 1 h incubation at room temperature with the
primary antibody against BrdU (1:20, Bu20a, Dako, Glostrup, Denmark). Next, the cells
were further washed with PBS and incubated with the secondary antibody labeled with
FITC (1:200, polyclonal rabbit anti-mouse, Dako, Glostrup, Denmark), for 30 min at room
temperature washed two times and resuspended in 500 uL of PBS. Data acquisition was
performed with a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA).

4.6. Anti-Inflammatory Effects of Extracts

To assess the anti-inflammatory potential of the lipidic extracts, two assays were
performed. The Human red blood cell (HRBC) membrane stabilization assay, induced by
heat, was used first; it allowed to observe if any extract holds the potential to stabilize
lysosomal membranes. The second assay is specific to a prostaglandin-endoperoxide
synthase, human COX-2 enzymatic activity inhibition—and helps conclusion on whether
any extract has the potential to be used as a non-steroidal anti-inflammatory agent. The
study was conducted according to the guidelines of the Declaration of Helsinki, and ap-
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proved by the Institutional Ethics Committee of CIIMAR (protocol code 001/2020 and date
of approval 8 June 2020).

4.6.1. Human Red Blood Cell (HRBC) Membrane Stabilization Assay

Human fresh blood was collected intravenously to heparinized tubes, from a healthy
volunteer that was not taking any non-steroidal anti-inflammatory drugs (NSAIDs) for
2 weeks before the experiment. Blood was centrifuged at 700x g for 10 min and super-
natant (plasma) was removed. Hence human red blood cells (HRBC) were washed three
times with an equal volume of isotonic PBS (10 mM sodium phosphate buffer(Alfa Aesar,
Massachusetts, US) pH 7.4) and then reconstituted at 40% (v/v) suspension. Salicylic acid
at 500 pg mL~! was used for positive control and PBS with 20% of DMSO (AppliChem,
Darmstadt, Germany) for negative control.

Each extract, prepared as explained in Section 2.2, at concentrations of 130, 150,
120, and 450 mg~mL’1, for A, E, HI, and EL, respectively, were resuspended in PBS
containing 20% of DMSO, and then mixed in 1:1 (v/v) with a solution of HRBC in 2% in
PBS. Samples were incubated at 56 °C for 20 min, cooled in tap water, and centrifuged at
700x g for 5 min, and the supernatant was collected. The absorbance of the supernatant
was measured spectrophotometrically at 560 nm using a microplate reader (Thermofisher
GO, New Hampshire, EUA) [73]. The percentage of inhibition was calculated for each
extract as:

% inhibition = [(Absg — Absgg) — Absc]/Absc x 100 1)

where Absg denotes supernatant absorbance after reaction with extract; Absgg denotes
extract absorbance at 560 nm; and Absc denotes the control absorbance of PBS with
20% of DMSO.

4.6.2. Cox Human Inhibitory Screening Assay

The anti-inflammatory potential of the extracts was assessed via an enzyme inhibitory
assay—inhibition of COX-2 enzymatic activity, using the COX-2 Enzyme Activity Assay
Kit (Cayman Chemical, Michigan, MI, US), according to the manufacturer’s instructions.
Dried lipidic extracts were diluted in DMSO, and assayed at different concentrations—75,
125, and 250 pg-mL 1.

In this assay, arachidonic acid (AA) served as a substrate for the human recombinant
COX-2 enzyme, thus leading to the production of prostaglandin. The assay measures
PGF2« produced by SnCI2 reduction of COX-derived PGH2. The PGF2«x levels pro-
duced in the presence versus absence of test products were quantified through an enzyme
immunoassay—using an antibody that binds to all major prostaglandin compounds, results
are expressed in percent of inhibition, calculated according to kit instructions.

4.7. Cytotoxicity Evaluation

Cytotoxicity of the extracts was evaluated by measuring the viability of Human
Cardiac Microvascular Endothelial Cells (HCMEC) obtained from the American Type
Culture Collection (ATCC). Cells were seeded in a 96-well plate with a final concentration
of 10 x 10* cells mL~! with Dulbecco’s Modified Eagle Medium (DMEM) (Sigma-Aldrich
(St. Louis, MO, USA) for 24 h.

The cellular viability was assessed by the mitochondrial-dependent reduction of 3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich (St. Louis,
MO, USA) to formazan, quantified by optical density measurement at 510 nm, as described
by Lopes et al. [74]. Several concentrations of the extracts were tested: 50, 100, 200, and
300 pg-mL~'—using DMSO 1% as negative control and DMSO 20% as the positive control.
The assay was independently repeated four times, with duplicate extracts. Cytotoxicity was
expressed as a percentage of cell viability, considering the values of the negative control as
100% viability.

15



Mar. Drugs 2021, 19, 623 16 of 18

Author Contributions: Conceptualization: HM.A., A.C.G.; Methodology: HM.A., A.C.G., R.B. and
T.T.; Formal analysis and investigation: H.M.A., R.B. and T.T.; Writing—original draft preparation:
H.M.A.; Writing—review and editing: A.C.G., R.B., LS.P,, EX.M.; Funding acquisition: I.5.P., EX.M.
and R.A.; Supervision: A.C.G., EX.M. and L.S.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by national funds through FCT—Foundation for Science
and Technology within the scope of UIDB/04423 /2020, granted to CIIMAR and UIDB/00511/2020
granted to LEPABE funded by national funds through FCT/MCTES (PIDDAC).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Ethics Committee of CIIMAR (protocol
code 001/2020 and date of approval 8 June 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Garcia, J.L.; de Vicente, M.; Galan, B. Microalgae, old sustainable food and fashion nutraceuticals. Microb. Biotechnol. 2017, 10,
1017-1024. [CrossRef] [PubMed]

2. Talero, E.; Garcia-Maurino, S.; Avila-Roman, J.; Rodriguez-Luna, A.; Alcaide, A.; Motilva, V. Bioactive Compounds Isolated from
Microalgae in Chronic Inflammation and Cancer. Mar. Drugs 2015, 13, 6152-6209. [CrossRef] [PubMed]

3. Panjiar, N.; Mishra, S.; Yadav, A.N.; Verma, D.P. Functional Foods from Cyanobacteria: An Emerging Source for Functional Food
Products of Pharmaceutical Importance. In Microbial Functional Foods and Nutraceuticals, 1st ed.; Gupta, V.K., Ed.; Wiley-Blackwell:
Hoboken, NJ, USA, 2017.

4. Olaizola, M. Commercial development of microalgal biotechnology: From the test tube to the marketplace. Biomol. Eng. 2003, 20,
459-466. [CrossRef]

5. Demay, ].; Bernard, C.; Reinhardt, A.; Marie, B. Natural Products from Cyanobacteria: Focus on Beneficial Activities. Mar. Drugs
2019, 17, 320. [CrossRef]

6. Ghosh, N.; Das, A.; Chaffee, S.; Roy, S.; Sen, C.K. Reactive Oxygen Species, Oxidative Damage and Cell Death. In Immunity and
Inflammation in Health and Disease; Chatterjee, S., Jungraithmayr, W., Bagchi, D., Eds.; Academic Press: Cambridge, MA, USA,
2018; pp. 45-55.

7. Reuter, S.; Gupta, S.C.; Chaturvedi, M.M.; Aggarwal, B.B. Oxidative stress, inflammation, and cancer: How are they linked? Free
Radic. Biol. Med. 2010, 49, 1603-1616. [CrossRef]

8.  Arulselvan, P; Fard, M.T.; Tan, W.S.; Gothai, S.; Fakurazi, S.; Norhaizan, M.E.; Kumar, S.S. Role of Antioxidants and Natural
Products in Inflammation. Oxid. Med. Cell Longev. 2016, 2016, 5276130. [CrossRef]

9. WHO. The Top 10 Causes of Death. Available online: https:/ /www.who.int/news-room/fact-sheets/detail / the-top-10-causes-
of-death (accessed on 26 January 2021).

10. Labi, V.; Erlacher, M. How cell death shapes cancer. Cell Death Dis. 2015, 6, €1675. [CrossRef]

11. Rawla, P; Barsouk, A. Epidemiology of gastric cancer: Global trends, risk factors and prevention. Prz. Gastroenterol. 2019, 14,
26-38. [CrossRef]

12.  Diaz, P; Valenzuela Valderrama, M.; Bravo, J.; Quest, A.EG. Helicobacter pylori and Gastric Cancer: Adaptive Cellular Mechanisms
Involved in Disease Progression. Front. Microbiol. 2018, 9, 5 [CrossRef]

13.  Frenkel, K. Carcinogen-mediated oxidant formation and oxidative DNA damage. Pharmacol. Ther. 1992, 53, 127-166. [CrossRef]

14. Lopez-Lazaro, M. Role of Oxygen in Cancer: Looking Beyond Hypoxia. Anti-Cancer Agents Med. Chem. 2009, 9, 517-525.
[CrossRef]

15.  Pashkow, EJ.; Watumull, D.G.; Campbell, C.L. Astaxanthin: A novel potential treatment for oxidative stress and inflammation in
cardiovascular disease. Am. J. Cardiol. 2008, 101, 58d-68d. [CrossRef]

16. Liu, T.; Zhang, L.; Joo, D.; Sun, S.-C. NF-«B signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]

17. Ge, W.; Li, D.; Gao, Y.; Cao, X. The Roles of Lysosomes in Inflammation and Autoimmune Diseases. Int. Rev. Immunol. 2014, 34,
415-431. [CrossRef]

18. Hadad, N.; Levy, R. The synergistic anti-inflammatory effects of lycopene, lutein, 3-carotene, and carnosic acid combinations via
redox-based inhibition of NF-«B signaling. Free Radic. Biol. Med. 2012, 53, 1381-1391. [CrossRef] [PubMed]

19. Echizen, K.; Hirose, O.; Maeda, Y.; Oshima, M. Inflammation in gastric cancer: Interplay of the COX-2/prostaglandin E2 and
Toll-like receptor/MyD88 pathways. Cancer Sci. 2016, 107, 391-397. [CrossRef] [PubMed]

20. Gustafsson, A.; Andersson, M.; Lagerstedt, K.; Lonnroth, C.; Nordgren, S.; Lundholm, K. Receptor and enzyme expression for
prostanoid metabolism in colorectal cancer related to tumor tissue PGE2. Int. ]. Oncol. 2010, 36, 469—-478.

21. Shukla, Y;; George, ]. Combinatorial strategies employing nutraceuticals for cancer development. Ann. N. Y. Acad. Sci. 2011, 1229,

162-175. [CrossRef] [PubMed]

16



Mar. Drugs 2021, 19, 623 17 of 18

22.

23.
24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.
48.

Ming, MLE. The Search for a chemoprevention agent effective against melanoma: Considerations and challenges. |. Investig.
Dermatol. 2011, 131, 1401-1403. [CrossRef] [PubMed]

Baron, J.A. Statins and the colorectum: Hope for chemoprevention? Cancer Prev. Res. 2010, 3, 573-575. [CrossRef]

Li, S.; Jiang, M.; Wang, L.; Yu, S. Combined chemotherapy with cyclooxygenase-2 (COX-2) inhibitors in treating human cancers:
Recent advancement. Biomed. Pharmacother. 2020, 129, 110389. [CrossRef] [PubMed]

El-Shemy, H.A.; Aboul-Enein, A.M.; Aboul-Enein, K.M.; Fujita, K. Willow Leaves’ Extracts Contain Anti-Tumor Agents Effective
against Three Cell Types. PLoS ONE 2007, 2, e178. [CrossRef]

Tanaka, T.; Shnimizu, M.; Moriwaki, H. Cancer Chemoprevention by Carotenoids. Molecules 2012, 17, 3202. [CrossRef]

Guedes, A.C.; Amaro, H.M.; Malcata, F.X. Microalgae as sources of high added-value compounds—a brief review of recent work.
Biotechnol. Prog. 2011, 27, 597-613. [CrossRef] [PubMed]

Niranjana, R.; Gayathri, R.; Nimish Mol, S.; Sugawara, T.; Hirata, T.; Miyashita, K.; Ganesan, P. Carotenoids modulate the
hallmarks of cancer cells. J. Funct. Foods 2015, 18, 968-985. [CrossRef]

Zuluaga, M.; Gueguen, V.; Pavon-Djavid, G.; Letourneur, D. Carotenoids from microalgae to block oxidative stress. Biolmpacts BI
2017, 7, 1-3. [CrossRef] [PubMed]

Richard, D.; Kefi, K.; Barbe, U.; Bausero, P.; Visioli, F. Polyunsaturated fatty acids as antioxidants. Pharmacol. Res. 2008, 57,
451-455. [CrossRef]

Gong, M.; Bassi, A. Carotenoids from microalgae: A review of recent developments. Biotechnol. Adv. 2016, 34, 1396-1412.
[CrossRef]

Guermouche, B.; Soulimane-Mokhtari, N.A.; Bouanane, S.; Merzouk, H.; Merzouk, S.; Narce, M. Effect of Dietary Polyunsaturated
Fatty Acids on Oxidant/Antioxidant Status in Macrosomic Offspring of Diabetic Rats. BioMed Res. Int. 2014, 2014, 9. [CrossRef]
Tatsumi, Y.; Kato, A.; Sango, K.; Himeno, T.; Kondo, M.; Kato, Y.; Kamiya, H.; Nakamura, J.; Kato, K. Omega-3 polyunsaturated
fatty acids exert anti-oxidant effects through the nuclear factor (erythroid-derived 2)-related factor 2 pathway in immortalized
mouse Schwann cells. J. Diabetes Investig. 2019, 10, 602—-612. [CrossRef]

Tortosa-Caparr6s, E.; Navas-Carrillo, D.; Marin, E; Orenes-Pifiero, E. Anti-inflammatory effects of omega 3 and omega 6
polyunsaturated fatty acids in cardiovascular disease and metabolic syndrome. Crit. Rev. Food Sci. Nutr. 2017, 57, 3421-3429.
[CrossRef] [PubMed]

Castro-Puyana, M.; Pérez-Sanchez, A.; Valdés, A.; Ibrahim, O.H.M.; Suarez-Alvarez, S.; Ferragut, J.A.; Micol, V.; Cifuentes, A.;
Ibanez, E.; Garcia-Canas, V. Pressurized liquid extraction of Neochloris oleoabundans for the recovery of bioactive carotenoids
with anti-proliferative activity against human colon cancer cells. Food Res. Int. 2017, 99, 1048-1055. [CrossRef] [PubMed]
Palozza, P; Serini, S.; Maggiano, N.; Tringali, G.; Navarra, P; Ranelletti, F.O.; Calviello, G. beta-Carotene downregulates the
steady-state and heregulin-alpha-induced COX-2 pathways in colon cancer cells. J. Nutr. 2005, 135, 129-136. [CrossRef] [PubMed]
Cha, K.H.; Koo, S.Y.; Lee, D.-U. Antiproliferative Effects of Carotenoids Extracted from Chlorella ellipsoidea and Chlorella
vulgaris on Human Colon Cancer Cells. ]. Agric. Food Chem. 2008, 56, 10521-10526. [CrossRef]

Sheu, M.J.; Huang, G.J.; Wu, C.H.; Chen, ].S.; Chang, H.Y.; Chang, S.J.; Chung, ].G. Ethanol extract of Dunaliella salina induces
cell cycle arrest and apoptosis in A549 human non-small cell lung cancer cells. In Vivo 2008, 22, 369-378.

Pasquet, V.; Morisset, P.; Thammouine, S.; Chepied, A.; Aumailley, L.; Berard, ].B.; Serive, B.; Kaas, R.; Lanneluc, I.; Thiery, V.; et al.
Antiproliferative activity of violaxanthin isolated from bioguided fractionation of Dunaliella tertiolecta extracts. Mar. Drugs 2011,
9, 819-831. [CrossRef]

Neumann, U.; Derwenskus, F,; Flaiz Flister, V.; Schmid-Staiger, U.; Hirth, T.; Bischoff, S.C. Fucoxanthin, A Carotenoid Derived
from Phaeodactylum tricornutum Exerts Antiproliferative and Antioxidant Activities In Vitro. Antioxidants 2019, 8, 183. [CrossRef]
Amaro, HM.; Fernandes, F,; Valentao, P.; Andrade, P.B.; Sousa-Pinto, I.; Malcata, F.X.; Guedes, A.C. Effect of Solvent System
on Extractability of Lipidic Components of Scenedesmus obliquus (M2-1) and Gloeothece sp. on Antioxidant Scavenging Capacity
Thereof. Mar. Drugs 2015, 13, 6453-6471. [CrossRef]

Amaro, HM.; Guedes, A.C.; Preto, M.A.C.; Sousa-Pinto, I.; Malcata, EX. Gloeothece sp. as a Nutraceutical Source-An Improved
Method of Extraction of Carotenoids and Fatty Acids. Mar. Drugs 2018, 16, 327. [CrossRef]

European Union. Directive 2009/32/EC of the European Parliament and of the Council of 23 April 2009 on the approximation of
the laws of the Member States on extraction solvents used in the production of foodstuffs and food ingredients. Off. ]. Eur. Union
2009, L 141, 3-11.

Bargiela-Iparraguirre, J.; Prado-Marchal, L.; Fernandez-Fuente, M.; Gutierrez-Gonzalez, A.; Moreno-Rubio, J.; Munoz-Fernandez,
M.; Sereno, M.; Sanchez-Prieto, R.; Perona, R.; Sanchez-Perez, I. MCHKI1 expression in Gastric Cancer is modulated by p53 and
RB1/E2F1: Implications in chemo/radiotherapy response. Sci. Rep. 2016, 6, 21519. [CrossRef] [PubMed]

Vichai, V,; Kirtikara, K. Sulforhodamine B colorimetric assay for cytotoxicity screening. Nat. Protoc. 2006, 1, 1112-1116. [CrossRef]
Azevedo, C.M.; Afonso, C.M.; Soares, ].X.; Reis, S.; Sousa, D.; Lima, R.T.; Vasconcelos, M.H.; Pedro, M.; Barbosa, J.; Gales, L.; et al.
Pyranoxanthones: Synthesis, growth inhibitory activity on human tumor cell lines and determination of their lipophilicity in two
membrane models. Eur. J. Med. Chem. 2013, 69, 798-816. [CrossRef] [PubMed]

Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495-516. [CrossRef] [PubMed]

Lawrence, R.E.; Zoncu, R. The lysosome as a cellular centre for signalling, metabolism and quality control. Nat. Cell Biol. 2019, 21,
133-142. [CrossRef] [PubMed]

17



Mar. Drugs 2021, 19, 623 18 of 18

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

Lavanya, R.; Maheshwari, S.U.; Harish, G.; Raj, ].B.; Kamali, S.; Hemamalani, D.; Varma, J.B.; Reddy, C.U. Investigation of in-vitro
anti-inflammatory, anti-platelet and anti-arthritic activities in the leaves of Anisomeles malabarica Linn. Res. . Pharm. Biol. Chem.
Sci. 2010, 1, 745-752.

Murugesh, N.; Vembar, S.; Damodaran, C. Studies on erythrocyte membrane IV: In vitro haemolytic activity of oleander extract.
Toxicol. Lett. 1981, 8, 33-38. [CrossRef]

Lee, J.L.; Mukhtar, H.; Bickers, D.R.; Kopelovich, L.; Athar, M. Cyclooxygenases in the skin: Pharmacological and toxicological
implications. Toxicol. Appl. Pharmacol. 2003, 192, 294-306. [CrossRef]

Palesh, O.; Scheiber, C.; Kesler, S.; Mustian, K.; Koopman, C.; Schapira, L. Management of side effects during and post-treatment
in breast cancer survivors. Breast ]. 2018, 24, 167-175. [CrossRef]

Dutot, M.; Fagon, R.; Rousseau, D.; Rat, P. Antioxidant and Anti-Inflammatory Effects of PUFA-Rich Marine Oils: Application to
the Ocular Surface. Investig. Ophthalmol. Vis. Sci. 2009, 50, 919.

Guedes, A.C.; Amaro, H.M.; Pereira, R.D.; Malcata, EX. Effects of temperature and pH on growth and antioxidant content of the
microalga Scenedesmus obliquus. Biotechnol. Prog. 2011, 27, 1218-1224. [CrossRef]

He, R.-R;; Tsoi, B.; Lan, F; Yao, N.; Yao, X.-S.; Kurihara, H. Antioxidant properties of lutein contribute to the protection against
lipopolysaccharide-induced uveitis in mice. Chin. Med. 2011, 6, 38. [CrossRef] [PubMed]

Stringham, J.M.; Stringham, N.T. Nitric Oxide and Lutein: Function, Performance, and Protection of Neural Tissue. Foods 2015, 4,
678-689. [CrossRef]

Moraes, M.L.; Ribeiro, A.M.L.; Santin, E.; Klasing, K.C. Effects of conjugated linoleic acid and lutein on the growth performance
and immune response of broiler chickens. Poult. Sci. 2016, 95, 237-246. [CrossRef]

Pacher, P.; Beckman, ].S.; Liaudet, L. Nitric oxide and peroxynitrite in health and disease. Physiol. Rev. 2007, 87, 315-424.
[CrossRef] [PubMed]

Hu, Y,; Xiang, J.; Su, L.; Tang, X. The regulation of nitric oxide in tumor progression and therapy. J. Int. Med. Res. 2020, 48,
0300060520905985. [CrossRef]

Christodoulou, M.I; Kontos, C.K.; Halabalaki, M.; Skaltsounis, A.L.; Scorilas, A. Nature promises new anticancer agents: Interplay
with the apoptosis-related BCL2 gene family. Anticancer Agents Med. Chem. 2014, 14, 375-399. [CrossRef]

Choi, S.Y.; Park, J.H.; Kim, J.S.; Kim, M.K.; Aruoma, O.I.; Sung, M.K. Effects of quercetin and beta-carotene supplementation on
azoxymethane-induced colon carcinogenesis and inflammatory responses in rats fed with high-fat diet rich in omega-6 fatty
acids. Biofactors 2006, 27, 137-146. [CrossRef]

Bie, N.; Han, L.; Meng, M.; Zhang, Y.; Guo, M.; Wang, C. Anti-tumor mechanism of eicosapentaenoic acid (EPA) on ovarian tumor
model by improving the immunomodulatory activity in F344 rats. J. Funct. Foods 2020, 65, 103739. [CrossRef]

Biondo, P.D.; Brindley, D.N.; Sawyer, M.B.; Field, C.J. The potential for treatment with dietary long-chain polyunsaturated n-3
fatty acids during chemotherapy. J. Nutr. Biochem. 2008, 19, 787-796. [CrossRef]

Kwon, J.I; Kim, G.Y,; Park, K.Y.; Ryu, C.H.; Choi, Y.H. Induction of apoptosis by linoleic acid is associated with the modulation of
Bcl-2 family and Fas/FasL system and activation of caspases in AGS human gastric adenocarcinoma cells. ]. Med. Food 2008, 11,
1-8. [CrossRef] [PubMed]

Choi, Y.H. Linoleic Acid-Induced Growth Inhibition of Human Gastric Epithelial Adenocarcinoma AGS Cells is Associated with
Down-Regulation of Prostaglandin E2 Synthesis and Telomerase Activity. J. Cancer Prev. 2014, 19, 31-38. [CrossRef]
Montero-Lobato, Z.; Vazquez, M.; Navarro, F; Fuentes, ].L.; Bermejo, E.; Garbayo, I.; Vilchez, C.; Cuaresma, M. Chemically-
Induced Production of Anti-Inflammatory Molecules in Microalgae. Mar. Drugs 2018, 16, 478. [CrossRef]

Soontornchaiboon, W.; Joo, S.S.; Kim, S.M. Anti-inflammatory Effects of Violaxanthin Isolated from Microalga Chlorella ellipsoidea
in RAW 264.7 Macrophages. Biol. Pharm. Bull. 2012, 35, 1137-1144. [CrossRef]

Mazhar, D.; Ang, R.; Waxman, ]. COX inhibitors and breast cancer. Br. ]. Cancer 2006, 94, 346-350. [CrossRef]

Zappavigna, S.; Cossu, A.M.; Grimaldi, A.; Bocchetti, M.; Ferraro, G.A.; Nicoletti, G.F; Filosa, R.; Caraglia, M. Anti-Inflammatory
Drugs as Anticancer Agents. Int. |. Mol. Sci. 2020, 21, 2605. [CrossRef]

Stanier, R.Y.; Kunisawa, R.; Mandel, M.; Cohen-Bazire, G. Purification and properties of unicellular blue-green algae (order
Chroococcales). Bacteriol. Rev. 1971, 35, 171-205. [CrossRef] [PubMed]

Lepage, G.; Roy, C.C. Direct transesterification of all classes of lipids in a one-step reaction. J. Lipid Res. 1986, 27, 114-120.
[CrossRef]

Cohen, Z.; Vonshak, A.; Richmond, A. Effect on environmental conditions on fatty acids composition of the red alga Phorphyridium
cruentum: Correlation to growth rate. J. Phycol. 1988, 24, 328-332. [CrossRef]

Moualek, L; Iratni Aiche, G.; Mestar Guechaoui, N.; Lahcene, S.; Houali, K. Antioxidant and anti-inflammatory activities of
Arbutus unedo aqueous extract. Asian Pac. J. Trop. Biomed. 2016, 6, 937-944. [CrossRef]

Lopes, G.; Sousa, C.; Silva, L.R.; Pinto, E.; Andrade, P.B.; Bernardo, J.; Mouga, T.; Valentao, P. Can phlorotannins purified extracts
constitute a novel pharmacological alternative for microbial infections with associated inflammatory conditions? PLoS ONE 2012,
7,€31145. [CrossRef] [PubMed]

18



&)\I marine drugs MBPY

Article
Antitumour Effects of Astaxanthin and Adonixanthin
on Glioblastoma

Shohei Tsuji 1 Shinsuke Nakamura 1'*, Takashi Maoka 2, Tetsuya Yamada 1,3 Takahiko Imai },
Takuya Ohba !, Tomohiro Yako !, Masahiro Hayashi 4, Ken Endo %, Masanao Saio °,

Hideaki Hara ! and Masamitsu Shimazawa !

1" Department of Biofunctional Evaluation, Molecular Pharmacology, Gifu Pharmaceutical University,

Gifu 501-1196, Japan; tsuji.yakkou@gmail.com (S.T.); yamada.yakkou@gmail.com (T.Y.);
imai.yakkou@gmail.com (T.I.); ohba.yakkou@gmail.com (T.O.); yako.yakkou@gmail.com (T.Y.);
hidehara@gifu-pu.ac.jp (H.H.); shimazawa@gifu-pu.acjp (M.S.)

Research Institute for Production Developent Division of Food Function and Chemistry, Kyoto 606-0805,
Japan; maoka@mbox.kyoto-inet.orjp

Department of Neurosurgery, Gifu University School of Medicine, Gifu 501-1194, Japan

Department of HPM Research & Development, Biotechnology R&D Group, High Performance Materials
Company, ENEOS Corporation, Yokohama 231-0815, Japan; hayashi.masahiro@eneos.com

Department of HPM Business Promotion Group V, Business promotion Group, High Performance Materials
Company, ENEOS Corporation, Tokyo 108-8005, Japan; endo.ken@eneos.com

Graduate School of Health Sciences, Gunma University, Gunma 371-8514, Japan; saio@gunma-u.ac.jp

*  Correspondence: nakamuras@gifu-pu.ac.jp; Tel./Fax: +81-58-230-8100/8105

6

Received: 22 July 2020; Accepted: 16 September 2020; Published: 18 September 2020

Abstract: Several antitumour drugs have been isolated from natural products and many clinical
trials are underway to evaluate their potential. There have been numerous reports about the
antitumour effects of astaxanthin against several tumours but no studies into its effects against
glioblastoma. Astaxanthin is a red pigment found in crustaceans and fish and is also synthesized in
Huaematococcus pluvialis; adonixanthin is an intermediate product of astaxanthin. It is known that both
astaxanthin and adonixanthin possess radical scavenging activity and can confer a protective effect on
several damages. In this study, we clarified the antitumour effects of astaxanthin and adonixanthin
using glioblastoma models. Specifically, astaxanthin and adonixanthin showed an ability to suppress
cell proliferation and migration in three types of glioblastoma cells. Furthermore, these compounds
were confirmed to transfer to the brain in a murine model. In the murine orthotopic glioblastoma
model, glioblastoma progression was suppressed by the oral administration of astaxanthin and
adonixanthin at 10 and 30 mg/kg, respectively, for 10 days. These results suggest that both astaxanthin
and adonixanthin have potential as treatments for glioblastoma.

Keywords: brain; cancer; oral administration; paracoccsu carotinifaciens; xanthophyll carotenoid

1. Introduction

Glioblastoma is one of the most lethal types of brain tumour; it arises from glial cells [1,2].
The standard treatment for glioblastoma is a combination of chemotherapy and radiotherapy following
the surgical removal of tumour tissue [3]. However, glioblastomas generally show a poor prognosis and
short survival time, rarely longer than 14 months [4]. The poor prognosis is attributed to chemoresistance
to temozolomide, the first-line drug for the treatment of glioblastoma [5]. Therefore, it is essential that
novel drugs are developed that possess an antitumour effect based on different mechanisms to those of
temozolomide. However, the development of novel drugs for glioblastoma has been limited by the
blood-brain barrier (BBB) issue [6]. Recent studies have shown that certain compounds derived from
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natural products, such as curcumin and resveratrol, can cross the BBB and have an antitumour effect
against glioblastoma [7,8]. Both powerful antitumour effects and transferability to brain tissues are
essential requirements for any new treatments for glioblastoma.

In this study, we focused on a xanthophyll carotenoid, astaxanthin, and its intermediate product,
adonixanthin (Figure 1) [9]. Astaxanthin, a red pigment that occurs naturally in shrimp, crab, and
salmon [10], is a powerful antioxidant and has shown some protective effects in various oxidative stress
and disease models [11-15]. Adonixanthin has similarly powerful antioxidative effects [9,16]. Crucially,
it has been reported that, in mouse models, both astaxanthin and adonixanthin have the ability to
cross the BBB to reach the brain tissue and can protect vessels in the brain from cerebral ischaemia and
haemorrhage [17,18]. However, there have been no reports that either astaxanthin or adonixanthin have
antitumour effects against glioblastoma. It is known that astaxanthin has antitumour effects against oral
cancer, bladder carcinogenesis, colon carcinogenesis, leukaemia, and hepatocellular carcinoma [19-23];
however, the mechanisms for this antitumour activity of astaxanthin are yet to be fully clarified. It has
been reported that the antitumour effect of astaxanthin and adonixanthin are mediated by multiple
mechanisms, including JAK-2/STAT-3, NF-«B, ERK, AKT (PKB), PPARy, and Nrf2 [24].
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Figure 1. The chemical structure of astaxanthin and adonixanthin. (A) Astaxanthin (B) Adonixanthin.

The purpose of this study was to clarify whether astaxanthin and adonixanthin have antitumour
effects against glioblastoma following their oral administration. Furthermore, we aimed to verify
whether orally administered astaxanthin or adonixanthin can be absorbed by the brain tissue.
We investigated the antitumour mechanisms of astaxanthin and adonixanthin using glioblastoma cells.

2. Results

2.1. Astaxanthin and Adonixanthin Suppressed the Growth of Glioblastoma Cells

Robust cell viability is an important characteristic of tumour cells. We performed a cell viability
assay using the murine glioblastoma cell line GL261 and the human glioblastoma cell line U251MG.
Both astaxanthin and adonixanthin showed antitumour effects against GL261 and U25IMG cells,
in a concentration-dependent manner (Figure 2A,B). In GL261 cells, astaxanthin and adonixanthin
suppressed cell viability at concentrations of more than 5 and 0.1 uM (Figure 2A). In U25IMG cells,
astaxanthin and adonixanthin suppressed cell viability at concentrations of more than 1 and 0.1 uM
(Figure 2B). Moreover, we performed the BrdU cell proliferation assay to determine whether the
results of cell viability by astaxanthin and adonixanthin (Figure 2A,B) are based on proliferation.
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Astaxanthin and adonixanthin at the 10 uM treatment for 72 h reduced the number of BrdU-positive
cells (Figure 2C,D). The BrdU-positive cell rates were 60.56 + 1.40% (control group), 19.17 + 1.77%
(temozolomide group), 49.13 + 2.66% (astaxanthin group), and 41.31 + 1.51% (adonixanthin group).
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Figure 2. Cell viability of the mouse and human glioblastoma cell line with astaxanthin and adonixanthin.
(A, B) These graphs show the cell viability of GL261 (mouse glioblastoma cell line) and U251IMG (human
glioblastoma cell line) treated for 96 h with temozolomide, astaxanthin, or adonixanthin. Data are
shown as mean + SEM (n = 6). ** p < 0.01 vs. control group (Tukey’s test). (C) These images show
the representative photographs of the BrdU assay 96 h after treatment of temozolomide, astaxanthin,
or adonixanthin in GL261. (D) This graph shows the BrdU-positive cells (%). Data are shown as
mean + SEM (n = 6). * p < 0.05, ** p < 0.01 vs. control group (Student’s t-test). TMZ; temozolomide.
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2.2. Astaxanthin and Adonixanthin Suppressed the Migration of Glioblastoma Cells

In addition to cell viability, cell migration is also important for tumour enlargement. We performed
a wound healing assay using the murine glioblastoma cell line GL261 and the human glioblastoma
cell line U25IMG. Astaxanthin and adonixanthin suppressed cell migration by 8.84 + 2.09% and
13.74 + 4.01% in GL261, respectively (Figure 3A,B). Astaxanthin and adonixanthin suppressed cell
migration by 21.15 + 1.84% and 26.32 + 5.14% in U25IMG, respectively, at a concentration of 10 pM

(Figure 3C,D).
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Figure 3. Wound healing assay with astaxanthin and adonixanthin in human glioblastoma cell U251MG
and mouse glioblastoma cell line GL261. (A,C) These images show representative photographs of the
wound healing assay 48 h after treatment of temozolomide, astaxanthin, or adonixanthin in GL261 (A)
and U251MG (B). (B,D) These bar graphs show the cell migration abilities of GL261 (B) and U251IMG
(D). Data are shown as mean + SEM (n = 3). * p < 0.05 vs. control group (Student’s t-test). Migration
area ratio = (0 h scratch area—48 h non migration area)/0 h scratch area. (Original magnification x 20).

The scale bars are 500 um.
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2.3. Astaxanthin and Adonixanthin Decreased the Expression of Some Proteins to Promote Cell Growth
and Migration

We performed immunoblotting to reveal the mechanisms of the antitumour effects of astaxanthin
and adonixanthin. In general, the phosphorylation of ERK1/2 and Akt are accelerated during tumour
progression in many types of tumour [25,26]. The phosphorylation of ERK1/2 and Akt were decreased
6 h post-treatment with astaxanthin and adonixanthin (Figure 4A,B). Both astaxanthin and adonixanthin
treatment for 48 h increased the phosphorylation of p38 mitogen-activated protein kinase: MAPK
(Figure 4C). To elucidate the antitumour effect of astaxanthin and adonixanthin, we confirmed the
expression of cyclin D1 (cell cycle-related protein) and p27 (cyclin-dependent kinase inhibitor). As a
result, both astaxanthin and adonixanthin treatment for 48 h decreased the expression of cyclinD1
(Figure 4D) and increased the expression of p27 (Figure 4E). Next, we focused on some proteins that
are related to cell migration (Matrix metalloproteinase-2, -9: MMP-2, -9, and fibronectin). Treatment
with astaxanthin and adonixanthin for 48 h decreased MMP-2 expression (Figure 4F) but not MMP-9
expression (Figure 4G). Interestingly, adonixanthin also decreased the expression of fibronectin
(Figure 4H).
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Figure 4. Expression of some proteins related to tumour progression after treatment of astaxanthin and
adonixanthin in the mouse glioblastoma cell line. (A,B) The quantitative data of the expression levels
of p-ERK1/2 and p-Akt in the mouse glioblastoma cell line GL261 at 6 h after treatment of 300 uM
temozolomide, 10 uM astaxanthin, or 10 uM adonixanthin. Both astaxanthin and adonixanthin reduced
the expression of p-ERK1/2 and p-Akt. Data are shown as mean + SEM (n =5 or 6). *p <0.05, ** p < 0.01
vs. control group (Student’s t-test). (C~H) The quantitative data of expression levels of p-p38, p38,
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cyclin D1, p27, MMP-2, -9, and fibronectin, in the mouse glioblastoma cell line GL261 at 48 h after
treatment of 300 uM temozolomide, 10 uM astaxanthin, or 10 uM adonixanthin. Data are shown as
mean + SEM (1 = 6). * p < 0.05,** p < 0.01 vs. control group (Student’s t-test). ASX; astaxanthin, ADX;
adonixanthin, TMZ; temozolomide.

2.4. Astaxanthin and Adonixanthin Decreased the Production of Reactive Oxygen Species (ROS)

In previous reports, the presence of ROS was shown to promote tumour progression via the
phosphorylation of ERK1/2 and Akt [27,28]. Therefore, we performed an ROS assay to investigate
the effects of astaxanthin and adonixanthin on the level of intracellular ROS. Both astaxanthin and
adonixanthin decreased the amount of intracellular ROS, with the effect of adonixanthin stronger than
that of astaxanthin (Figure 5A). We also verified the expression of NADPH oxidase 4 (Nox4), which is
a representative factor to produce ROS. Adonixanthin significantly decreased the expression of Nox4,
whereas astaxanthin produced no change in Nox4 expression (Figure 5B).
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Figure 5. The amount of ROS and expression of Nox-4 after treatment of astaxanthin and adonixanthin
in the mouse glioblastoma cell line. (A) ROS production was measured by an ROS detecting probe
(5-(and-6)-chloromethyl—2’,7’-dichlorodihydrofluorescein diacetate, acetyl ester: CM-H,DCFDA).
Treatment of astaxanthin and adonixanthin at 1 and 10 uM reduced the amount of ROS in GL261.
Data are shown as mean + SEM (n = 6). * p < 0.05, ** p < 0.01 vs. control group (Tukey’s test).
(B) Immunoblot analysis and quantification of Nox4 at 6h after treatment of temozolomide. Data are
shown as mean + SEM (1 = 6). ** p < 0.01 vs. control group (Student’s t-test) and ## p < 0.01 vs.
astaxanthin 10 uM group (Student’s t-test).
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2.5. Concentrations of Astaxanthin and Adonixanthin in Murine Serum and Tissues

Following the oral administration of astaxanthin, the concentration of trans- or cis-astaxanthin
in the serum was 6.04 + 1.16 and 13.35 + 3.78 ng/mL, respectively. Astaxanthin was not detected in
the serum in pretreatment samples (Table 1). Adonixanthin was also only detected in the treated
group. The levels of trans- and cis- adonixanthin were 34.72 + 3.00 and 35.02 + 5.01 ng/mL, respectively
(Table 1). In the adonixanthin-treated group, the trans-isomer was detected significantly more frequently
compared with its detection in the astaxanthin-treated group.

Table 1. The concentrations of astaxanthin and adonixanthin in the murine serum.

Astaxanthin Adonixanthin
Compounds Pre-treatment 04;11 ﬁfc:;itnhiz tl;;lfoln Pre-treatment Ot:} f;i;;ﬁ;g;?;n
trans-Astaxanthin N.D. 6.04 £1.16
cis-Astaxanthin N.D. 13.4 £3.78
trans-Adonixanthin N.D. 34.7 + 3.00
cis-Adonixanthin N.D. 35.02 +5.01

Data are shown as mean + SEM (1 = 4). ng/mL. N.D.; not detected.

As shown in Table 2, following oral administration of astaxanthin or adonixanthin, these
compounds were absorbed in each region of the brain in mice. Trans-astaxanthin was detected at
522 +0.87, 5.06 + 1.85, 11.37 + 3.14, and 12.28 + 1.07 ng/g in the cerebral cortex, the cerebellum,
the striatum, and the hippocampus of astaxanthin-treated mice, respectively. Cis-astaxanthin was
detected at 3.62 + 1.56,2.43 + 1.58, 3.76 + 2.06, and 2.61 + 2.67 ng/g in the cerebral cortex, the cerebellum,
the striatum, and the hippocampus of astaxanthin-treated mice, respectively. Trans-adonixanthin
was detected at 3.24 + 0.44, 2.85 + 1.05, 2.90 + 1.87, and 3.63 + 2.10 ng/g in the cerebral cortex,
the cerebellum, the striatum, and the hippocampus of adonixanthin-treated mice, respectively. There
was no cis-astaxanthin in any of the brain tissues. Furthermore, neither astaxanthin nor adonixanthin
were detected in the brains of the vehicle-treated group.

Table 2. The concentrations of astaxanthin and adonixanthin in the murine tissues.

Astaxanthin Adonixanthin
Brain Tissues X .
trans cis trans cis
Cerebral cortex 5.22 +0.87 3.62 +1.56 3.24+044* N.D.
Cerebellum 5.06 + 1.85 243 +1.58 2.85 + 1.05 N.D.
Striatum 11.37 £ 3.14 3.76 £ 2.06 290 + 1.87 N.D.
Hippocampus 1228 +1.07* 2.61 +1.33 3.63+2.10 N.D.

Data are shown as mean + SEM (n = 4). ng/g. * p < 0.05 vs. cis-forms group (Mann-Whitney U-test). N.D.;
not detected.

2.6. The Effects of Astaxanthin and Adonixanthin on Body Weight

To investigate systemic influences following the administration of astaxanthin and adonixanthin,
we explored changes in the body weight of mice. The weight of vehicle-, astaxanthin-, and adonixanthin-
treated mice at pretreatment was 34.33 + 2.04, 34.28 + 1.93, and 34.22 + 2.67 g, respectively. After 10 days
of administration, the weight of vehicle-, astaxanthin-, and adonixanthin-treated mice was 34.72 + 2.05,
35.50 + 1.95, and 36.15 + 2.05 g, respectively (Supplementary Material Figure S5). No significant
changes in body weight were observed in mice treated with either astaxanthin or adonixanthin.
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2.7. Astaxanthin and Adonixanthin Showed Antitumour Effects in a Murine Orthotopic Glioblastoma Model

We investigated whether astaxanthin and adonixanthin exhibited antitumour effects in a murine
orthotopic glioblastoma model. Treatment with astaxanthin and adonixanthin at 10 and 30 mg/kg for
10 days, respectively, significantly suppressed tumour enlargement (Figure 6A,B).
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Figure 6. The antitumour effect of astaxanthin and adonixanthin in the murine orthotopical glioblastoma
model. (A) These images were representative photographs of haematoxylin and eosin staining of
the coronal section. Control, n = 11; astaxanthin 10, 30 mg/kg treated: n = 9, 8; adonixanthin 10,
30 mg/kg treated: n =8, 10. The scale bars are 1 mm. (B,C) These bar graphs show the tumour
area and volume at 2 weeks after GL261 cell injection. The oral administration of astaxanthin and
adonixanthin suppressed the glioblastoma progression in an in vivo glioblastoma model. Data are
shown as mean + SEM (n = 8-11). * p < 0.05, ** p < 0.01 vs. control group (Tukey’s test).

3. Discussion

Astaxanthin and adonixanthin, synthesized in marine organisms [10], have antitumour
properties [9] and a therapeutic effect on the central nervous system [18,29]. However, there are no
reports about their effects for glioma. In the present study, we demonstrated the antitumour effects of
these compounds in both in vitro and in vivo glioblastoma models.

Astaxanthin and adonixanthin inhibited both cell proliferation and migration in human and
mouse glioblastoma cells (Figures 2 and 3). Next, in order to elucidate the antitumour mechanism of
astaxanthin and adonixanthin, the expression of proteins related to tumour progression and the degree
of ROS production were examined using the mouse glioblastoma cell line GL261. Astaxanthin and
adonixanthin were found to reduce the expression of phosphorylated ERK1/2 and phosphorylated
Akt (Figure 3A,B). It was shown that astaxanthin exhibited an antitumour effect in an oral cancer
model via the suppression of phosphorylation of ERK1/2 and Akt [19]. Similarly, it is presumed
that astaxanthin and adonixanthin also have an antitumour effect against glioblastoma through the
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inhibition of the phosphorylation of ERK1/2 and Akt. Furthermore, astaxanthin and adonixanthin
increased the expression of phosphorylated p38 (Figure 4C). The phosphorylation of p38 can lead
to cell damage and cell cycle arrest [30]. Therefore, the antitumour effects of both astaxanthin and
adonixanthin were involved in increasing the expression of phosphorylated p38. To elucidate the
antitumour effect of these compounds, we confirmed the expression of cell cycle-related protein cyclin
D1, and apoptosis-related protein Bcl-2. These compounds decreased the expression of cyclin D1
(Figure 4D) but not Bcl2 (Supplementary Material Figure S4b). In fact, these compounds did not
induce cell death in GL261 (Supplementary Material Figure S4a) and decreased the cell proliferation in
GL261 (Figure 2C,D). Moreover, these compounds increased the expression of p27, a cyclin-dependent
kinase inhibitor (Figure 4E). In a previous report, the phosphorylation of ERK1/2 and Akt increased
the expression of cyclinD1 and decreased the expression of p27 [31-33]. These results indicate that
the antitumour effect of both astaxanthin and adonixanthin may be mediated by not cell death but
cell cycle arrest. Temozolomide significantly reduced the expression of p27 (Figure 4E). This may be
due to a feedback to the potent cell cycle arrest effect of temozolomide, as previously reported [34].
Additionally, adonixanthin reduced the expression of MMP-2 and fibronectin, downstream of ERK1/2
and Akt signalling (Figure 4E,G). In addition, both astaxanthin and adonixanthin decreased the mRNA
level of fibronectin (Supplementary Material Figure 3). These results indicate that adonixanthin could
affect ERK1/2 and Akt signalling upstream. In MMP9, the reason why there were no changes in the
expression (Figure 3F) may be that it is an inflammation-related enzyme, the expression of which is
low in the normal condition.

To elucidate the active site of both compounds, we examined their effect on ROS, which is important
for the regulation of both ERK1/2 and Akt phosphorylation [35]. In the past, it has been reported
that ROS promote tumour progression via the phosphorylation of ERK1/2 and Akt [27,30]. Therefore,
we evaluated the level of ROS in glioblastoma cells following treatment with both compounds for
6 h. Both compounds greatly reduced the levels of intracellular ROS (Figure 5A). Astaxanthin and
adonixanthin have been reported to possess radical scavenging properties [9], and the reduction of
reactive oxygen species in glioblastoma cells shown in this study may also include the direct antioxidant
activity of these compounds. Nox4 is a key factor involved in the regulation of ROS production and
is upregulated in glioblastoma compared with other nicotinamide adenine dinucleotide phosphate:
NADPH oxidase isoforms [36]. Only adonixanthin significantly suppressed the expression of Nox4
(Figure 5B). As the effect of adonixanthin on intracellur ROS in glioblastoma cells, it is considered that
adonixanthin may inhibit the expression of ROS production-related factors, such as Nox4.

We examined whether astaxanthin and adonixanthin can be delivered to the brain following oral
administration, using healthy mice. We confirmed that both compounds were delivered to the brain,
that astaxanthin was detected at a higher concentration than adonixanthin in the brain tissue, and that the
cis-form of adonixanthin was not detected at all in any brain tissues (Table 2). Conversely, adonixanthin
was detected at high levels in mouse tissues other than the brain (Supplementary Material Table S1).
It is suggested that orally administered adonixanthin mainly affects the peripheral tissues due to the
difference in the distribution of adonixanthin. In this study, we used structurally stable trans-isomers
of both astaxanthin and adonixanthin. The trans-form of astaxanthin and adonixanthin is converted to
the cis-form in the blood following oral administration [37]. The differences in the structure between
the cis- and trans-forms may affect their antitumour activity, and although the cis-form of astaxanthin
has been reported to show greater antioxidant activity than the trans-form [38], the detailed mechanism
underlying this remains unknown. In addition, the concentrations of astaxanthin and adonixanthin
detected in the brain were approximately 30 and 10 nM, respectively. These concentrations correspond
to one-third and one-tenth of the minimum concentration (0.1 uM) used in the cell proliferation
test, as shown in Figure 2A,B. In glioblastoma pathology, invasive glioblastoma cells degrade the
basement membrane around blood vessels and cause disruption of the blood-brain barrier. As a result,
the transferability to the brain of immune cells and chemotherapeutic drugs is increased [39,40]. In a
study using a glioma rat model, it was reported that translocation of a magnetic resonance imaging
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(MRI) contrast agent increased about five times in tumour tissues compared with its translocation in
healthy tissues [41]. Therefore, it is inferred that astaxanthin and adonixanthin administered orally
accumulate in glioblastoma tissues at higher concentrations compared with their accumulation in
healthy tissues.

Next, using an in vivo glioblastoma mouse model, we examined whether the oral administration
of astaxanthin and adonixanthin exhibited an antitumour effect on glioblastoma. Both astaxanthin and
adonixanthin significantly suppressed tumour growth in this in vivo glioblastoma model (Figure 6).
These results showed that astaxanthin and adonixanthin transferred to the brain by oral administration
exert an antitumour effect on glioblastoma. Although adonixanthin tended to have a greater effect than
astaxanthin in this in vitro study (Figures 2-5), astaxanthin and adonixanthin showed a comparable
antitumour effect in the in vivo glioblastoma model. These results may reflect differences both in
transferability to the brain and the ratio of isoforms of astaxanthin or adonixanthin.

In conclusion, these findings suggest that the oral administration of astaxanthin and adonixanthin,
respectively, could be potentially useful treatments for glioblastoma.

4. Materials and Methods

4.1. Reagents

Both astaxanthin and adonixanthin obtained from Paracoccsu carotinifaciens were provided by
ENEOS Corporation (Tokyo, Japan). Adonixanthin is an intermediate compound between zeaxanthin
and astaxanthin [42,43]. These compounds were dissolved by dimethyl sulfoxide, DMSO (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan), on in vitro and diffused by olive oil (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) on in vivo. In the in vitro study, the final concentration of
DMSO in all the groups was 0.1%.

4.2. Cell Line and Culture Condition

The human glioblastoma cell line U251MG was purchased from European Collection of Authenticated
Cell Cultures (ECACC; London, the United Kingdom). The murine glioblastoma cell line GL261 was
kindly provided by Dr. Saio, Graduate School of Health Sciences, Gunma University. The human
glioblastoma cell line US7MG was obtained from American Type Culture Collection (ATCC). These
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with low glucose (Nacalai Tesque,
Tokyo, Japan) supplemented with 10% foetal bovine serum (FBS; Valeant, Costa Mesa, CA, USA),
100 units/mL penicillin, and 100 mg/mL streptomycin at 37 °C in 5% CO;. Cells were passaged by
trypsinization and used within 10 passages.

4.3. Cell Viability

U251MG, GL261, or US7MG cells were seeded onto 96-well plates at a density of 2 x 10° cells/well
with DMEM supplemented with 10% FBS and then incubated for 24 h, after which the culture medium
was changed to DMEM containing 10% FBS. Then, astaxanthin, adonixanthin or temozolomide (Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan) were added to the culture. Cell proliferation was determined
using the CCK-8 assay according to the manufacturer’s instructions (Dojindo, Kumamoto, Japan).
After each incubation, 10 uL of CCK-8 solution were added to each well. Plates were incubated for
3 h for 37 °C, and the absorbance was read at 450 nm with a reference wavelength of 630 nm using a
Varioscan Flash 2.4 microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).

4.4. BrdU (Bromodeoxyuridine) Cell Proliferation Assay

GL261 cells were seeded onto 96-well plates at a density of 2 x 10° cells/well with DMEM
supplemented with 10% FBS and then incubated for 24 h, after which the culture medium was changed
to DMEM containing 10% FBS. Then, astaxanthin, adonixanthin, or temozolomide (Tokyo Chemical
Industry Co., Ltd., Tokyo, Japan) were added to the culture. After 72 h of culture, the culture medium
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was changed to DMEM containing 10% FBS and treated with BrdU at 10 uM for 3 h. After that,
immunocytochemistry was performed according to the protocol of anti-BrdU antibody (abcam, ab6326).

4.5. Cell Migration Assay

The cell migration assay was conducted as previously described [44].

GL261 cells and U251 cells (2.0 x 10* cells per well) were plated in a 12-well plate (BD Biosciences,
Tokyo, Japan) with culture medium supplemented with 10% FBS. After 24 h of incubation, the medium
was changed to DMEM containing 1% FBS. After 6 h, wounds were scratched by a P1000 pipette tip and
washed with phosphate-buffered saline (PBS) to eliminate cell debris. Then, fresh medium was added
with 10 uM astaxanthin or adonixanthin. Pictures were taken at 48 h and these scratched areas were
measured using an All-in-One Fluorescence Microscope (BZ-X710; Keyence, Osaka, Japan). The cell
migration rate was measured the area of the wound before migration (50) and after migration (S1) and
calculated S1/(S0—-S1) x 100. The control group was then standardized to be 100%. Wound widths at
0 h were created within 1 to 1.5 mm and data were excluded if they were not suitable for that width.

4.6. Immunoblotting

GL261 cell was seeded at 2.5 x 10* cells per well in 24-well plates with culture medium
supplemented with 10% FBS. After 24 h of incubation, the medium was changed to DMEM containing
10% FBS and 0.1%DMSO PBS, 300 uM temozolomide, 10 uM astaxanthin, or 10 pM adonixanthin was
added for 6 and 48 h. Cells were lysed in a special buffer (RIPA buffer R0278; Sigma-Aldrich, St. Louis,
MO, USA) with a protease inhibitor cocktail (Sigma-Aldrich), phosphatase inhibitor cocktails 2 and 3
(Sigma-Aldrich), and sample buffer (Wako, Osaka, Japan). The protein concentration was determined
by comparison with a known concentration of bovine serum albumin using the BCA Protein Assay Kit
(Thermo Fisher Scientific). The amount of total protein was 2 ug. Equal amounts of protein in sample
buffer containing 10% 2-mercaptoethanol were subjected to sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) in 5-20% gradient gels (SuperSep Ace; Wako), and the separated
proteins were transferred to polyvinylidene difluoride membrane (Immobilon-P; Merck Millipore
Corporation, Bedford, MA, USA). After blocking for 30 min with Blocking One-P (Nacalai Tesque),
we incubated the membranes with primary antibodies overnight at 4 °C. The primary antibodies were
a rabbit anti-phospho-p44/42 MAPK; ERK1/2 (T202/Y204) 197G2 (4377S, Cell signalling, diluted 1:1000),
a rabbit anti-p44/42 MAPK; ERK1/2 (91025, Cell signalling, diluted 1:1000), a rabbit anti-phospho-Akt
(5473) 193H12 (4058S, Cell signalling, diluted 1:1000), a rabbit anti-Akt (9272S, Cell signalling, diluted
1:1000), a rabbit anti-phospho-p38 MAPK (T180/Y182) (9211S, Cell signalling, diluted 1:1000), a rabbit
anti-p38 MAPK (92125, Cell signalling, diluted 1:1000), a rabbit anti-mmp-2 (AB19167, Chemicon®,
diluted 1:1000), a rabbit anti-mmp-9 (AB19016, Chemicon®, diluted 1:1000), a rabbit anti-fibronectin
(ab2413, abcam, diluted 1:1000), a rabbit anti-cyclin D1 (2978, Cell signalling, diluted 1:1000), a mouse
anti-p27 (sc-1641, Santa Cluz, diluted 1:500), a rabbit anti-Nox4 (NB110-5849SS, Novus, diluted 1:500),
a mouse anti-Bcl-2 (sc-7382, Santa Cluz, diluted 1:500), and a mouse anti-f3-actin antibody (#A2228,
Sigma-Aldrich, diluted 1:1000).

After that, the membrane was incubated with the following secondary antibodies: a goat anti-rabbit
IgG, or a goat anti-mouse IgG antibody (Thermo Fisher Scientific, diluted 1:1000). The band intensity
was measured using an Immuno Star LD (Wako). Band intensity was measured using an LAS-4000
UV mini Luminescent Image Analyzer (Fujifilm, Tokyo Japan) and Multi Gauge Version 3.0 (Fujifilm).
The phosphorylation of ERK1/2, Akt, and p38 MAPK was measured by normalizing against total
ERK1/2, total Akt, and total p38 MAPK. Equal loading was confirmed using (3-actin as controls for
phosphoprotein signals.

4.7. Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction Analysis (JRT-PCR)

To evaluate the effect of astaxanthin and adonixanthin on the expression of Fibronectin mRNA
expression, we performed quantitative real-time reverse transcription polymerase chain reaction
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(QRT-PCR) analysis. GL261 cell was seeded at 2.5 x 10 cells well in 24-well plates with culture medium
supplemented with 10% FBS. After 24 h of incubation, the medium was changed to DMEM containing
10% FBS and 0.1% DMSO PBS, 300 uM temozolomide, 10 uM astaxanthin, or 10 uM adonixanthin was
added for 48 h. After 48 h of treatment, RNA was isolated from GL261 cells using Nucleo Spin RNA II
(Takara, Shiga, Japan). RNA concentrations were determined using NanoVue Plus (GE Healthcare
Japan, Tokyo, Japan). Single-strand cDNAs were synthesized from the isolated RNAs via reverse
transcription with a PrimeScript RT Reagent Kit (Perfect Real Time; Takara). Quantitative real-time
RT-PCR was performed using TB Green Premix Ex Taq II (Tli RNaseH Plus; Takara) and a TP800
Thermal Cycler Dice Real Time System (Takara). All procedures were carried out in accordance with
the manufacturer’s instructions. The PCR primer sequences for Fibronectin were as follows: 5’-CGA
GGT GAC AGA GAC CAC AA-3 (forward) and 5’-CTG GAG TCA AGC CAG ACA CA -3’ (reverse).
-actin (internal control) was as follows: 5-CAT CCG TAA AGA CCT CTA TGC CAA C-3’ (forward)
and 5-ATG GAG CCA CCG ATC CAC A-3’ (reverse). The cycling conditions were in accordance with
the manufacturer’s protocol. The results are expressed as relative gene expression levels normalized to
that of B-actin.

4.8. Cell Death Assay

GL261 cells were seeded onto 96-well plates at a density of 2 x 103 cells/well with DMEM
supplemented with 10% FBS and then incubated for 24 h, after which the culture medium was changed
to DMEM containing 10% FBS. Then, astaxanthin, adonixanthin, or temozolomide (Tokyo Chemical
Industry Co., Ltd., Tokyo, Japan) were added to the culture. Cell death was measured by Hoechst
33,342 (Invitrogen, Carlsbad, CA, USA) and propidium iodide (Invitrogen). At 96 h after treatment,
the Hoechst 33,342 and propidium iodide were added to the medium to final concentrations of 8.1
and 1.5 uM, respectively, for 15 min. Images of stained cells were captured with a Lionheart™ FX
Automated Microscope (BioTek, Tokyo, Japan). The percentage of propidium iodide-positive cells was
determined by distinguishing Hoechst 33,342 and propidium iodide fluorescence.

4.9. Reactive Oxygen Species Assay

Intracellular radical activation within GL261 cells was measured with 5-(and-6)-chloromethyl—
2’,7'-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H,DCFDA; Thermo Fisher Scientific, MA,
USA). Six hours after treatment of temozolomide, astaxanthin, or adonixanthin, CM-H, DCFDA was
added to the culture medium and incubated at 37 °C for 1 h under shading in GL261. Fluorescence
was measured using a Varioscan Flash 2.4 microplate reader (Thermo Fisher Scientific, MA, USA) at
485 (excitation)-535 nm (emission). Measurements were performed 0, 30, and 60 min after the addition
of CM-H,DCFDA.

4.10. Animals

All experimental design and procedures were approved by the murine experiment committees of
Gifu Pharmacological University and were in compliance with ARRIVE (Animal Research: Reporting in
Vivo Experiments) guidelines. These experiments were approved by the animal experiment committees
of Gifu Pharmaceutical University, Japan (Ethic nos. 2018-099, 2019-065). For all experiments, male
C57BL/6] mice (8 weeks old; body weight 22~27 g) and male ICR mice (6 weeks old; body weight
25~28 g) purchased from Japan SLC, Inc. (Hamamatsu, Shizuoka, Japan) were used. Animals were
housed at 24 + 2 °C under a 12-h light-dark cycle. Food and water were available to all animals ad
libitum. All experimental procedures and outcome assessments were performed in a blinded manner.

4.11. Murine orthotopic Glioblastoma Model

Murine glioblastoma cell (GL261) transplantation was performed as previously described [39].
Briefly, mice received an intracranial injection of 1 X 10 cells in 2 pL of PBS using a Hamilton microliter
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syringe at the following coordinates: 1 mm anterior, 2 mm lateral (left of middle) to bregma, at a depth
of 3 mm from the dural surface. This protocol was completed using a stereotactic frame.

4.12. In Vivo Drug Treatment

In the experiment of the murine orthotopic glioblastoma model, oral administration of each
astaxanthin (10 and 30 mg/kg) and adonixanthin (10 and 30 mg/kg) was initiated 3 days after intracranial
injection of GL261 cells and was continued for 10 days. In the experiment of the brain tissue absorption
with oral astaxanthin or adonixanthin, after one week of adaptation, ICR mice were randomly divided
into the following three groups: control group, astaxanthin group (50 mg/kg), and adonixanthin group
(50 mg/kg). Mice were orally administered each reagent suspended in olive oil (5 mL/kg) by the daily
single dose for 10 days. The control group was treated by olive oil alone (5 mL/kg).

Since 50 mg/kg is known to be a dose of astaxanthin that does not show adverse effects even
with long-term administration, this dose of astaxanthin and adonixanthin was used in the distribution
experiment of this study. Moreover, it was reported that the oral administration of astaxanthin at
25 mg/kg inhibited hippocampal inflammation in diabetic mice [45]. Thus, we set up a dose similar to
that in the present study.

4.13. Mouse Brain Analysis on In Vivo Glioblastoma Model

Mice were euthanized and transcranial perfused with cold saline for 2 min at room temperature.
After that, the perfusate was changed to 0.1 M phosphate buffer (PB; pH 7.4) containing 4%
paraformaldehyde (PFA, Wako Pure Chemicals, Osaka, Japan) for 3 min. Brains were fixed in
4% paraformaldehyde, embedded in paraffin (Leica Biosystems, Wetzlar, Germany), cut into 5-pm
sections, and processed for haematoxylin-eosin (HE) staining. Pictures were taken using an All-in-One
Fluorescence Microscope (BZ-X710; Keyence, Osaka, Japan). We assessed the maximum cross-sectional
area of the tumour and tumour volume as described previously [46].

4.14. Collecting Blood and Tissues

In mice, blood samples were collected under anaesthesia by using sodium pentobarbital (50 mg/kg,
10 mL/kg, i.p). To separate serum and from blood, we centrifuged at 1700 g for 10 min. After mice
were euthanized by exsanguination under deep anaesthesia, tissues, such as brain, were picked.
Furthermore, the cerebral cortex, cerebellum, striatum, and hippocampus were separated from the
whole brain.

All samples, including serum and tissues, were stored at —80 °C until the analysis of astaxanthin
and adonixanthin was performed.

4.15. Analysis of Astaxanthin and Adonixanthin

Carotenoid fraction was collected from blood and some tissues by silica gel HPLC using a Cosmosil
5SL-II column with acetone:hexane (2:8, v/v) for the mobile phase at a flow rate of 1.0 mL/min as
described above. This fraction was evaporated to dryness, dissolved in isopropanol: hexane (4:96, v/v),
and subjected to chiral HPLC. Identification of each carotenoid was performed by authentic carotenoids
obtained from Paracoccus (ENEOS Corporation, Tokyo, Japan) by our routine methods [47] and the
content of each carotenoid was calculated from peak areas by comparison with the authentic samples.

4.16. Statistical Analysis

All data are presented as mean + standard error of the mean (SEM). We performed the experiments
assuming normality and selected an appropriate statistical analysis method depending on the presence
or absence of equal variance. Specifically, student’s t-test or Welch's test was used in the case of equal or
non-equal variance under Bonferroni correction in Figure 2D, Figure 3, Figure 4, Figure 5B, and Figures
53-55. We used a one-way analyses of variance (ANOVA) followed by Tukey’s test or Games-Howell’s
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test for multiple comparisons in Figure 2A, Figure 2B, Figure 5A, Figure 6, Figures S1 and S2; and the
Mann-Whitney U-test for two-group comparisons in Table 2 and Supplementary Material Table S1.
These statistics were performed by SPSS Statistics (IBM, Armonk, NY, USA) software. p < 0.05 was
considered statistical significance.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/9/474/s1,
Figure S1, Supplemental Figure 1. Cell viability of mouse and human glioblastoma cell line with astaxanthin and
adonixanthin., Figure S2, Cell viability of human glioblastoma cell line U87MG with astaxanthin and adonixanthin,
Figure S3, Expression of Fibronectin mRNA after 48 h treatment of astaxanthin and adonixanthin in mouse
glioblastoma cell line. Figure S4, The effect of astaxanthin and adonixanthin for cell death. Figure S5, The effects
of astaxanthin and adonixanthin on body weight. Table S1: Astaxanthin or adonixanthin levels in the mouse
tissues without brain.

Author Contributions: Conceptualization, S.T., S.N., H.H. and M.S. (Masamitsu Shimazawa); Data curation, S.T.,
S.N. and M.S. (Masamitsu Shimazawa); Formal analysis, S.T.; Funding acquisition, H.H.; Investigation, S.T., TM.,
T.Y. (Tetsuya Yamada), T.I., T.O. and T.Y. (Tomohiro Yako); Methodology, S.T., S.N., H.H. and M.S. (Masamitsu
Shimazawa); Project administration, S.N. and H.H.; Resources, M.H., K.E. and M.S. (Masanao Saio); Software, S.T.;
Supervision, S.N. and H.H.; Validation, S.N. and M.S. (Masamitsu Shimazawa); Visualization, S.T., S.N., H.H. and
M.S. (Masamitsu Shimazawa); Writing—original draft, S.T.; Writing—review & editing, S.N., M.S., H.H. and M.S.
(Masamitsu Shimazawa). All authors have read and agreed to the published version of the manuscript.

Funding: Dr. Hara had grants from ENEOS Corporation (Tokyo, Japan). The other authors declare no competing
financial interest.

Conflicts of Interest: This study was funded by ENEOS Corporation (Tokyo, Japan). M.K. and K.E are employees
of ENEOS Corporation.

References

1.  Friedman, H.S,; Kerby, T.; Calvert, H. Temozolomide and treatment of malignant glioma. Clin. Cancer Res.
2000, 6, 2585-2597.

2. Stupp, R.; Taillibert, S.; Kanner, A.A.; Kesari, S.; Steinberg, D.M.; Toms, S.A.; Taylor, L.P,; Lieberman, E;
Silvani, A.; Fink, K.L.; et al. Maintenance Therapy With Tumor-Treating Fields Plus Temozolomide vs
Temozolomide Alone for Glioblastoma: A Randomized Clinical Trial. JAMA 2015, 314, 2535-2543. [CrossRef]
[PubMed]

3. Stupp,R.; Mason, W.P; Van Den Bent, M.].; Weller, M.; Fisher, B.; Taphoorn, M.].B.; Belanger, K.; Brandes, A.A.;
Marosi, C.; Bogdahn, U,; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma.
N. Engl. J. Med. 2005, 352, 987-996. [CrossRef] [PubMed]

4. Ostrom, Q.T.; Gittleman, H.; Liao, P; Rouse, C.; Chen, Y.; Dowling, J.; Wolinsky, Y.; Kruchko, C.;
Barnholtz-Sloan, J. CBTRUS statistical report: Primary brain and central nervous system tumors diagnosed
in the United States in 2007-2011. Neuro. Oncol. 2014, 16, ivl-iv63. [CrossRef] [PubMed]

5. Lacroix, M.; Abi-Said, D.; Fourney, D.R.; Gokaslan, Z.L.; Shi, W.; DeMonte, F.; Lang, EF.; McCutcheon, L.E.;
Hassenbusch, S.J.; Holland, E.; et al. A multivariate analysis of 416 patients with glioblastoma multiforme:
Prognosis, extent of resection, and survival. J. Neurosurg. 2001, 95, 190-198. [CrossRef] [PubMed]

6. Warren, K.E. Beyond the blood: Brain barrier: The importance of central nervous system (CNS) pharmacokinetics
for the treatment of CNS tumors, including diffuse intrinsic pontine glioma. Front. Oncol. 2018, 8, 239.
[CrossRef]

7. Zhao, M.; Zhao, M.; Fu, C; Yu, Y.; Fu, A. Targeted therapy of intracranial glioma model mice with curcumin
nanoliposomes. Int. . Nanomed. 2018, 13, 1601-1610. [CrossRef]

8.  Clark, P.A.; Bhattacharya, S.; Elmayan, A.; Darjatmoko, S.R.; Thuro, B.A.; Yan, M.B.; Van Ginkel, P.R.;
Polans, A.S.; Kuo, ].S. Resveratrol targeting of AKT and p53 in glioblastoma and glioblastoma stem-like cells
to suppress growth and infiltration. J. Neurosurg. 2017, 126, 1448-1460. [CrossRef]

9.  Maoka, T; Yasui, H.; Ohmori, A.; Tokuda, H.; Suzuki, N.; Osawa, A.; Shindo, K.; Ishibashi, T. Anti-oxidative,
anti-tumor-promoting, and anti-carcinogenic activities of adonirubin and adonixanthin. J. Oleo Sci. 2013, 62,
181-186. [CrossRef]

10. Miki, W.; Yamaguchi, K.; Konosu, S. Comparison of carotenoids in the ovaries of marine fish and shellfish.
Comp. Biochem. Physiol. Part B Biochem. 1982, 71, 7-11. [CrossRef]

32



Mar. Drugs 2020, 18, 474

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nakajima, Y.; Inokuchi, Y.; Shimazawa, M.; Otsubo, K.; Ishibashi, T.; Hara, H. Astaxanthin, a dietary
carotenoid, protects retinal cells against oxidative stress in-vitro and in mice in-vivo. . Pharm. Pharmacol.
2008, 60, 1365-1374. [CrossRef] [PubMed]

Nishioka, Y.; Oyagi, A.; Tsuruma, K.; Shimazawa, M.; Ishibashi, T.; Hara, H. The antianxiety-like effect of
astaxanthin extracted from Paracoccus carotinifaciens. BioFactors 2011, 37, 25-30. [CrossRef] [PubMed]
Murata, K.; Oyagi, A.; Takahira, D.; Tsuruma, K.; Shimazawa, M.; Ishibashi, T.; Hara, H. Protective Effects
of Astaxanthin from Paracoccus carotinifaciens on Murine Gastric Ulcer Models. Phyther. Res. 2012, 26,
1126-1132. [CrossRef] [PubMed]

Otsuka, T.; Shimazawa, M.; Nakanishi, T.; Ohno, Y.; Inoue, Y.; Tsuruma, K.; Ishibashi, T.; Hara, H. The
protective effects of a dietary carotenoid, astaxanthin, against light-induced retinal damage. J. Pharmacol. Sci.
2013, 123, 209-218. [CrossRef]

Otsuka, T.; Shimazawa, M.; Inoue, Y.; Nakano, Y.; Ojino, K.; Izawa, H.; Tsuruma, K.; Ishibashi, T.; Hara, H.
Astaxanthin Protects Against Retinal Damage: Evidence from In Vivo and In Vitro Retinal Ischemia and
Reperfusion Models. Curr. Eye Res. 2016, 41, 1465-1472. [CrossRef]

Inoue, Y.; Shimazawa, M.; Nagano, R.; Kuse, Y.; Takahashi, K.; Tsuruma, K.; Hayashi, M.; Ishibashi, T.;
Maoka, T.; Hara, H. Astaxanthin analogs, adonixanthin and lycopene, activate Nrf2 to prevent light-induced
photoreceptor degeneration. . Pharmacol. Sci. 2017, 134, 147-157. [CrossRef]

Pan, L.; Zhou, Y.; Li, X.E; Wan, Q.J.; Yu, L.H. Preventive treatment of astaxanthin provides neuroprotection
through suppression of reactive oxygen species and activation of antioxidant defense pathway after stroke
in rats. Brain Res. Bull. 2017, 130, 211-220. [CrossRef]

Iwata, S.; Imai, T.; Shimazawa, M.; Ishibashi, T.; Hayashi, M. Protective e ff ects of the astaxanthin derivative,
adonixanthin, on brain hemorrhagic injury. Brain Res. 2018, 1698, 130-138. [CrossRef]

Kavitha, K.; Kowshik, J.; Kishore, TK.K.; Baba, A.B.; Nagini, S. Astaxanthin inhibits NF-xB and Wnt/-catenin
signaling pathways via inactivation of Erk/MAPK and PI3K/Akt to induce intrinsic apoptosis in a hamster
model of oral cancer. Biochim. Biophys. Acta Gen. Subj. 2013, 1830, 4433-4444. [CrossRef]

Tanaka, T.; Morishita, Y.; Suzui, M.; Kojima, T.; Okumura, A.; Mori, H. Chemoprevention of mouse urinary
bladder carcinogenesis by the naturally occurring carotenoid astaxanthin. Carcinogenesis 1994, 15, 15-19.
[CrossRef]

Nagendraprabhu, P.; Sudhandiran, G. Astaxanthin inhibits tumor invasion by decreasing extracellular matrix
production and induces apoptosis in experimental rat colon carcinogenesis by modulating the expressions of
ERK-2, NFkB and COX-2. Investig. N. Drugs 2011, 29, 207-224. [CrossRef] [PubMed]

Zhang, X.; Zhao, W.; Hu, L.; Zhao, L.; Huang, ]. Carotenoids inhibit proliferation and regulate expression of
peroxisome proliferators-activated receptor gamma (PPAR c) in K562 cancer cells. Arch. Biochem. Biophys.
2011, 512, 96-106. [CrossRef] [PubMed]

Ong, X.S.; Hang, ].Z.; Ang, M.W.; Iu, W.L.; Xin-bin, G.U. Astaxanthin Induces Mitochondria-Mediated
Apoptosis in Rat Hepatocellular Carcinoma CBRH-7919 Cells. Biol. Pharm. Bull. 2011, 34, 839-844.

Zhang, L.; Wang, H. Multiple mechanisms of anti-cancer effects exerted by astaxanthin. Mar. Drugs 2015, 13,
4310-4330. [CrossRef] [PubMed]

Mccubrey, J.A.; Steelman, L.S.; Chappell, WH.; Abrams, S.L.; Wong, W.T.; Chang, F; Lehmann, B.;
Terrian, D.M.; Milella, M.; Stivala, F.; et al. Roles of the RAF/MEK/ERK pathway in cell growth, malignant
transformation and drug resistance. Biochim Biophys Acta. 2009, 1773, 1263-1284. [CrossRef] [PubMed]
Wee, P; Wang, Z. Epidermal growth factor receptor cell proliferation signaling pathways. Cancers 2017, 9, 52.
Wu, W.-S.; Wu, J.-R.; Hu, C.-T. Signal cross talks for sustained MAPK activation and cell migration:
The potential role of reactive oxygen species. Cancer Metastasis Rev. 2008, 27, 303-314. [CrossRef]

Jhou, B.; Song, T.; Lee, I.; Hu, M.; Yang, N. Lycopene Inhibits Human liver adenocarcinoma SK-Hep-1 Cells
Metastasis by Down Regulation of NADPH Oxidase 4 Protein Expression. J. Agric. Food Chem. 2017, 65,
6893-6903. [CrossRef]

Hayashi, M.; Ishibashi, T.; Maoka, T. Effect of astaxanthin rich extract derived from Paracoccus carotinifaciens
on cognitive function in middle aged and older individuals. ]. Clin. Biochem. Nutr. 2018, 62, 195-205.
[CrossRef]

Zhang, J.; Cao, M.; Yang, W.; Sun, E; Xu, C.; Yin, L.; Pu, Y. Inhibition of Glucose-6-Phosphate Dehydrogenase
Could Enhance 1, 4-Benzoquinone-Induced Oxidative Damage in K562 Cells. Oxid. Med. Cell. Longev. 2016,
2016, 3912515. [CrossRef]

33



Mar. Drugs 2020, 18, 474

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Zhu, W.; Xue, Y,; Liang, C.; Zhang, R.; Zhang, Z.; Li, H.; Su, D.; Liang, X.; Zhang, Y.; Huang, Q.; et al. S100A16
promotes cell proliferation and metastasis via AKT and ERK cell signaling pathways in human prostate
cancer. Tumour Biol. |. Int. Soc. Oncodev. Biol. Med. 2016, 37, 12241-12250. [CrossRef] [PubMed]

Peng, X,; Liu, Y.;; Zhu, S.; Peng, X.; Li, H.; Jiao, W.; Lin, P.; Zhang, Z.; Qiu, Y.; Jin, M.; et al. Co-targeting
PI3K/Akt and MAPK/ERK pathways leads to an enhanced antitumor effect on human hypopharyngeal
squamous cell carcinoma. J. Cancer Res. Clin. Oncol. 2019, 145, 2921-2936. [CrossRef]

Bi, T.; Zhu, A,; Yang, X,; Qiao, H.; Tang, J.; Liu, Y.; Lv, R. Metformin synergistically enhances antitumor
activity of cisplatin in gallbladder cancer via the PI3K/AKT/ERK pathway. Cytotechnology 2018, 70, 439-448.
[CrossRef] [PubMed]

Meco, D.; Servidei, T.; Lamorte, G.; Binda, E.; Arena, V.; Riccardi, R. Ependymoma stem cells are highly
sensitive to temozolomide in vitro and in orthotopic models. Neuro. Oncol. 2014, 16, 1067-1077. [CrossRef]
[PubMed]

Aggarwal, V.; Tuli, H.S.; Varol, A.; Thakral, F; Yerer, M.B.; Sak, K.; Varol, M.; Jain, A.; Khan, M.A.; Sethi, G.
Role of reactive oxygen species in cancer progression: Molecular mechanisms and recent advancements.
Biomolecules 2019, 9, 735. [CrossRef]

Shono, T.; Yokoyama, N.; Uesaka, T.; Kuroda, J.; Takeya, R.; Yamasaki, T.; Amano, T.; Mizoguchi, M.;
Suzuki, 5.0.; Niiro, H.; et al. Enhanced expression of NADPH oxidase Nox4 in human gliomas and its roles
in cell proliferation and survival. Int. J. Cancer 2008, 123, 787-792. [CrossRef]

Zhou, Q.; Xu, J.; Yang, L.; Gu, C.; Xue, C. Thermal stability and oral absorbability of astaxanthin esters from
Haematococcus pluvialis in Balb/c mice. J. Sci. Food Agric. 2019, 99, 3662-3671. [CrossRef]

Yang, C.; Zhang, H.; Liu, R;; Zhu, H.; Zhang, L.; Tsao, R. Bioaccessibility, Cellular Uptake, and Transport of
Astaxanthin Isomers and their Antioxidative Effects in Human Intestinal Epithelial Caco-2 Cells. ]. Agric.
Food Chem. 2017, 65, 10223-10232. [CrossRef]

Cuddapah, V.A.; Robel, S.; Watkins, S.; Sontheimer, H. A neurocentric perspective on glioma invasion.
Nat. Rev. Neurosci. 2014, 15, 455-465. [CrossRef]

Gao, X; Yue, Q; Liu, Y,; Fan, D.; Fan, K; Li, S.; Qian, J.; Han, L.; Fang, F; Xu, E; et al. Image-guided
chemotherapy with specifically tuned blood brain barrier permeability in glioma margins. Theranostics 2018,
8,3126-3137. [CrossRef]

Blanchette, M.; Tremblay, L.; Lepage, M.; Fortin, D. Impact of drug size on brain tumor and brain parenchyma
delivery after a blood-brain barrier disruption. J. Cereb. Blood Flow Metab. 2014, 34, 820-826. [CrossRef]
[PubMed]

Breitenbach, J. Expression in Escherichia coZi and properties of the carotene ketolase from Haematococcus
pluvialis. FEMS Microbiol. Lett. 1996, 140, 241-246. [CrossRef] [PubMed]

Rhodes, A.C.E. Dietary effects on carotenoid composition in the marine harpacticoid copepod Nitokra
lacustris. J. Plankton Res. 2007, 29, i73-i83. [CrossRef]

Tsuji, S.; Ohno, Y.; Nakamura, S.; Yamada, T.; Noda, Y. Temozolomide has anti-tumor e ff ects through the
phosphorylation of cPLA 2 on glioblastoma cells. Brain Res. 2019, 1723, 146396. [CrossRef]

Zhou, X.-Y.; Zhang, E; Hu, X.-T.; Chen, |.; Tang, R.-X,; Zheng, K.-Y.; Song, Y.-]. Depression can be prevented
by astaxanthin through inhibition of hippocampal inflammation in diabetic mice. Brain Res. 2017, 1657,
262-268. [CrossRef]

Duan, J.; Gao, Y;; Zhang, X.; Wang, X.; Wang, B.; Meng, X. International Immunopharmacology CD30 ligand
de fi ciency accelerates glioma progression by promoting the formation of tumor immune microenvironment.
Int. Immunopharmacol. 2019, 71, 350-360. [CrossRef]

Maoka, T. Structural studies of carotenoids in plants, animals, and food products. In Carotenoids; Wiley:
Hoboken, NJ, USA, 2016; pp. 103-129.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

34



&)\I marine drugs MBPY

Article

Transcriptome Analysis of the Inhibitory Effect of
Astaxanthin on Helicobacter pylori-Induced
Gastric Carcinoma Cell Motility

Suhn Hyung Kim and Hyeyoung Kim *
Department of Food and Nutrition, Brain Korea 21 PLUS Project, College of Human Ecology, Yonsei University,

Seoul 03722, Korea; cigdoli2@naver.com
* Correspondence: kim626@yonsei.ac.kr; Tel.: +82-2-2123-3125

Received: 21 June 2020; Accepted: 14 July 2020; Published: 15 July 2020

Abstract: Helicobacter pylori (H. pylori) infection promotes the metastasis of gastric carcinoma cells
by modulating signal transduction pathways that regulate cell proliferation, motility, and invasion.
Astaxanthin (ASTX), a xanthophyll carotenoid, is known to inhibit cancer cell migration and invasion,
however the mechanism of action of ASTX in H. pylori-infected gastric epithelial cells is not well
understood. To gain insight into this process, we carried out a comparative RNA sequencing
(RNA-Seq) analysis of human gastric cancer AGS (adenocarcinoma gastric) cells as a function of
H. pylori infection and ASTX administration. The results were used to identify genes that are
differently expressed in response to H. pylori and ASTX. Gene ontology (GO) analysis identified
differentially expressed genes (DEGs) to be associated with cell cytoskeleton remodeling, motility,
and/or migration. Among the 20 genes identified, those encoding c-MET, PI3KC2, PLCy1, Cdc42,
and ROCKT1 were selected for verification by real-time PCR analysis. The verified genes were mapped,
using signaling networks contained in the KEGG database, to create a signaling pathway through
which ASTX might mitigate the effects of H. pylori-infection. We propose that H. pylori-induced
upregulation of the upstream regulator c-MET, and hence, its downstream targets Cdc42 and ROCK1,
is suppressed by ASTX. ASTX is also suggested to counteract H. pylori-induced activation of PI3K and
PLCy. In conclusion, ASTX can suppress H. pylori-induced gastric cancer progression by inhibiting
cytoskeleton reorganization and reducing cell motility through downregulation of c-MET, EGFR,
PI3KC2, PLCy1, Cdc42, and ROCK1.

Keywords: Helicobacter pylori; gastric carcinoma; astaxanthin; cell motility; cell migration

1. Introduction

Globally, gastric cancer is the fifth most common type of cancer and the third leading cause of
death from cancer [1]. Helicobacter pylori infection is the major cause of gastric cancer, accounting for
more than 60% of the cases [2]. Gastric cancer metastasizes at a high rate, localizing primarily in the
liver, peritoneum, lung, and bone [3].

Metastatic cancer occurs as a result of the invasion of the surrounding stroma by primary tumor
cells, followed by intravasation of the primary tumor into lymphatic or blood vessels, and finally,
by extravasation and colonization of the tumor cells at a distant organ site [4]. Metastasis is initiated
when cancer cells acquire specialized behaviors that allow them to breach the basement membrane
of the extracellular matrix (ECM). Cancer cells undergo epithelia—-mesenchymal transition (EMT),
which enables them to lose intercellular junctions and to gain a migratory cell phenotype [5]. Modulation
of cell motility is the determinant step in early local invasion. Cell motility requires continuous turnover
of the cytoskeleton and modification of cell-cell and cell-substratum adhesions [6].
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Cell locomotion involves three major processes. At the leading edge, the cell extends itself via
reorganization of the actin cytoskeleton. At the trailing edge, the cell remodels its cytoskeleton to
generate a contractile force. During this process, extracellular proteases are secreted to degrade the
ECM, and to clear the path ahead [7]. A motile cell elongates itself at the leading edge through the
polymerization of actin monomers into sheet-like structures known as lamellipodia. Protruding from
the lamellipodial actin network are filopodia, which are spike-like structures formed from bundles
of cross-linked actin microfilaments. Filopodia function in environmental sensing, cell migration,
and cell-cell interaction. During the course of cell movement, the fliopodia located at the leading edge
of the cell makes integrin to contact with the ECM while the cell breaks its surface adhesions at the rear,
detaching its trailing edge from the substratum, and moving forward via an actomysin contractile
force [8]. Increased filopodia formation and upregulation of filopodia proteins such as fascin and
myosin-X promote cell migration, and are characteristic of invasive carcinoma cells [9].

Cell motility and morphology are regulated by small G proteins of the Rho family of the Ras-related
GTPases. The Rho GTPases Rho, Rac, and cell division control protein 42 (Cdc42) coordinate the
different steps of cell locomotion. Rho regulates formation of stress fibers and generation of the
contractile force at the trailing edge of the moving cell. Rac modulates formation of membrane ruffles
and lamellipodia, whereas Cdc42 is involved in formation of filopodia and focal adhesions at the leading
edge of the cell [10]. Rho acts through its effector protein Rho-associated coiled-coil forming kinase
(ROCK) to activate myosin light chain (MLC) for formation of stress fibers. Cdc42 and Rac regulate
actin polymerization by activating Wiskott—Aldrich syndrome protein (WASP) and WASP-family
verprolin-homologous protein (WAVE), respectively. WAVE and WASP activate the complex of
actin-related proteins (ARP)2 and ARP3 to initiate the formation of new actin polymerization sites at
lamellipodia. [11]

The cell motility cascade mediated by Rho GTPases is activated by chemokines, cytokines,
and growth factors. Chemokines such as chemokine C-X-C motif ligand 12 (CXCL12), and growth
factors such as epidermal growth factor (EGF), hepatocyte growth factor (HGF), platelet-derived
growth factor (PDGF), or fibroblast growth factor (FGF), bind cell surface receptors which activate
signaling pathways that regulate cytoskeleton restructuring and cell migration [6,12]. Receptor tyrosine
kinases that are activated upon binding their ligand growth factors, mediate the cell migration pathway.
In particular, the EGR receptor (EGFR) and HGF receptor c-MET are highly expressed in many
carcinomas [13,14].

In an early study, transcriptional array analysis of AGS cells infected with H. pylori indicated that
genes associated the innate immune response (including the inflammatory response) and cell motility
are the genes most impacted by the H. pylori infection [15]. H. pylori infection of the stomach lining
promotes gastric carcinogenesis through increased inflammatory responses which lead to increased
cell proliferation and migration [16-18]. H. pylori adhesion to gastric epithelial cells induces tyrosine
kinase phosphorylation and results in cytoskeleton rearrangement [19]. H. pylori-induced upregulation
of pro-inflammatory cytokines has been shown to promote cell motility and cell elongation [20].
In addition, H. pylori infection cause EMT by increasing soluble heparin-binding epidermal growth
factor (HB-GF) shedding via upregulation of gastrin and matrix metalloprotease (MMP)-7 [21].

Virulent strains of H. pylori possess a cytotoxin-associated gene (cag) pathogenicity island (cagPAI)
that encodes a type IV secretion system through which the virulence factor CagA is translocated into
the host cell. Investigations have demonstrated that cagPAI is responsible for the upregulation of the
proinflammatory cytokine interleukin-8 (IL-8), activation of EGFR and c-MET signaling, activation of
the transcription factors activator protein-1 (AP-1) and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), activation of mitogen-activated protein (MAP) kinases and cellular stress
response kinases, and activation of the small GTPases Racl and Cdc42 [22-31].

Astaxanthin (ASTX), a 3,30-dihydroxy-f3, 3-carotene-4,40-dione, is a xanthophyll carotenoid,
produced primarily by marine microalgae/phytoplankton. ASTX gives lobster, salmon, and krill
their red color [32]. ASTX’s multiple conjugated m-bonds give rise to ASTX’s powerful antioxidant
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properties [33], which underlie its cytoprotective effects [34,35]. Numerous studies have been carried
out to identify and delineate the effects of ASTX on inflammation-driven diseases including cancer.
Specifically, ASTX has been shown to inhibit the migration, invasion, and/or proliferation of cancerous
gastric [36], liver [37], ovarian [38], breast [39], colon [40], and melanoma cells [41]. In addition, ASTX is
known to target cancer-related signal transduction pathway proteins and their regulators, namely
inflammatory cytokines, membrane receptors (e.g., peroxisome proliferator-activated receptor gamma
(PPARY), transcriptional regulators (e.g., NF-«B, signal transducer and activator of transcription 3
(STAT3), NF-2-related factor 2 (Nf2), and zinc finger E-box binding homeobox (ZEB)), and protein
kinases (e.g., janus kinase (JAK), protein kinase B (PKB), phosphoinositide 3-kinase (PI3K) and the
MAP kinases c-Jun N-terminal kinase (JNK), extracellular signal-related kinase (ERK), and p38) [35-43].
The present study was carried out to identify the cell signaling pathway(s) through which
ASTX acts on gastric carcinoma AGS cells to mitigate H. pylori-induced activation of cytoskeleton
remodeling, cell motility, and cell migration. RNA-sequencing (RNA-Seq) analysis was performed to
determine which genes undergo altered expression in AGS cells in response to ASTX administration
and H-pylori-infection. Gene ontology (GO) analysis identified differentially expressed genes (DEGs)
to be associated with cell cytoskeleton remodeling, motility, and migration. Among these are DEGs
encoding ¢-MET, PI3KC2, PLCy1, Cdc42, and ROCK1, which we confirmed by executing real-time
PCR analysis. Herein, we propose a signaling-network through which ASTX might act to counter the
effects of H. pylori infection, and thereby protect against H. pylori-induced gastric cancer metastasis.

2. Results

2.1. Gene Expression Profile of H. pylori-Infected andjor ASTX-Treated AGS Cells

Gene expression was compared between uninfected AGS cells (None) vs. H. pylori-infected AGS
cells (HP), between HP and H. pylori-infected AGS cells treated with ASTX (ASTX + HP), and between
None and uninfected AGS cells treated with ASTX (ASTX). RNA-Seq analysis identified 1006 DEGs
among the four experimental systems. H. pylori infection upregulated 191 genes and downregulated 20
genes, whereas ASTX treatment upregulated 190 genes and downregulated 48 genes. ASTX treatment
of the AGS cells prior to H. pylori infection resulted in upregulation of 112 genes, seven of which
are repressed by H. pylori infection, and downregulation of 664 genes, 62 of which are upregulated
in response to H. pylori infection. The DEGs observed for pairs of the four experimental groups are
compared in the Venn diagram shown in Figure 1.

0 up-regulated

0 contra-regulated
0 down-regulated

ASTX+HP /HP

102
585

R g

ASTX / None HP / None

Figure 1. A comparison of the differentially expressed genes (DEG) expression pattern observed between
pairs, and between paired-pairs, of the four experimental groups (None, Helicobacter pylori-infected AGS
cells (HP), Astaxanthin (ASTX), and ASTX + HP). The numbers reported in black italic font correspond
to upregulated DEGs, the numbers reported in black underlined font correspond to downregulated
genes and the numbers reported in red regular font correspond to genes that are upregulated in one set
of experimental groups and downregulated in the other.
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2.2. GO Analysis of DEGs

The DEGs identified above were further analyzed using GO annotation to identify and categorize
each gene according to the respective biological process with which they are associated, namely aging,
angiogenesis, apoptotic process, cell cycle, cell death, cell differentiation, cell migration, cell proliferation,
DNA repair, extracellular matrix, immune response, inflammatory response, cell motility, and cell
secretion. The GO categories shared between the DEGs observed for the experimental systems None and
HP are inflammatory response, aging, cell migration, and cell motility (Figure 2A). The GO annotations
of DEGs that are differentially regulated in the ASTX + HP vs. HP experimental systems include
immune response, apoptotic process, cell migration, and DNA repair (Figure 2B). Genes differentially
expressed by ASTX treatment in the absence of H. pylori infection are associated with cell proliferation,
cell migration, the apoptotic process, and the cell cycle (Figure 2C). Among the DEGs that are strongly
upregulated by ASTX treatment are genes that encode superoxide dismutase 1, superoxide dismutase
2, TNF receptor-associated factor 7, and serine/threonine kinase 17a (which regulates cell death and
apoptosis), protein kinase N2, protein lipase C gamma (PLCy), protein phosphatase 2, and ROCK1
(which regulates cell migration and cell death).
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Figure 2. Pie chart representations of the findings from Gene Ontology (GO) biological process
annotation analysis of DEGs associated with None vs. HP (A), or HP vs. ASTX + HP (B), or None vs.
ASTX (C). The percent fraction of the DEGs annotated with a particular GO biological process is shown
for each of the three pairs of experimental systems compared.

The overlap in the biological processes identified by the GO annotation analysis represented in
Figure 2 centers on cell proliferation, apoptosis, and migration/motility. As the combined cell migration
and cell motility categories make up the largest fraction of shared DEG annotations, we carried out
further analysis of the DEGs that fall in these two categories. We were particularly interested in
identifying the DEGs within this combined category that are upregulated in AGS cells in response to
H. pylori infection but are not upregulated in AGS cells treated with ASTX prior to H. pylori infection.
Accordingly, the normalized (log2) read counts determined for the DEGs of interest are reported in
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Table 1, and depicted in the heatmap shown in Figure 3. These results were used to construct a signal
transduction pathway that governs cell migration/mobility and that is upregulated in AGS cells in
response to H. pylori infection but not upregulated or upregulated to a smaller extent in cells treated
with ASTX prior to infection. This pathway is presented and discussed in the following section.

None HP ASTK  ASTX+HP

ARF4
ccLzo
Ccocaz
cxeLt
CxcL2
CXCL3
FAT1
FSCH1
FUTa
GSK3A
MGA1
L3

MET
NDE1
PIK3CB
PKNZ
PLCG1
RND1
ROCK1
SEMATA
SH3KBP1
sLCoB2
TNFRSF10B

Figure 3. Heatmap representation of the expression levels of DEGs associated with cell
migration/motility, which are upregulated in AGS cells in response to H. pylori infection but experience
less, or no upregulation, in infected cells pretreated with ASTX. The normalized expression levels are
reported in Table 1. The color gradient from green to red corresponds to increasing gene expression.

Table 1. Expression levels of DEGs associated with cell migration/motility, which are upregulated in
AGS cells in response to H. pylori infection but experience less, or no upregulation, in infected cells
pretreated with ASTX. The expression level of each gene is reported as the read count normalized to

the log?2 value.
Normalized (log2) Read Count

Gene ID Nome HP ASTX  ASTX + HP Encoded Protein

ARF4 7424 8152  8.192 6.187 ADP-ribosylation factor 4

CCL20 0116 2928 0.000 2.179 Chemokine C-C motif ligand 20
CDC42 9.142 9921 9.389 6.982 Cell division control protein 42 homolog
CXCL1 1.005 5432 1348 4.080 Chemokine C-X-C motif ligand 1
CXCL2 2008 5274 2124 4.697 Chemokine C-X-C motif ligand 2
CXCL3 2.023 5557 2193 4.950 Chemokine C-X-C motif ligand 3

FAT1 7.348 8.019 8.158 5.615 FAT atypical cadherin 1

FUT8 6201  7.140 7.199 6.646 Fucosyltransferase 8 alpha 1,6 fucosyltransferase
GSK3A 7.385 8294 8.267 8.362 Glycogen synthase kinase 3 alpha

ITGA1 1946 2266 1.831 1.728 Integrin alpha 1

L8 0704 7118 0.341 6.954 Interleukin 8

MET 5712 6.961 6.059 6.022 Met proto-oncogene

NDE1 5108 5734 5.819 5.165 Nude neurodevelopment protein 1
PIK3CB 5037 7222 6233 4757 Phosphatidylinositol-4,5—bisPhosphate 3-kinase catalytic

subunit beta

PKN2 4999 5727 5.828 4.947 Protein kinase N2
PLCG1 6.315 6.806 6.962 6.451 Phospholipase C gamma-1

RND1 3.343 4082 3.228 3.647 Rho family GTPase 1
ROCK1 4122 4820 4957 4.123 Rho-associated coiled-coil containing protein kinase 1

SEMA7A 2916 3.803 3.406 2.948 Semaphoring 7A GPI membrane anchor
SLC9B2 2137 2614 2.601 2.130 Solute carrier family 9 subfamily B2
TNFRSF10B 6.533 7260 6.763 3.900 Tumor necrosis factor receptor superfamily member 10b
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2.3. Functional Pathway Analysis of DEGs Altered by H. pylori Infection but Normalized by
ASTX Pretreatment

Having identified the DEGs associated with cell motility and migration that are protected by ASTX
from upregulation by H. pylori infection, our next step was to map them onto a signal transduction
network, which we generated using the KEGG database and input from published studies of cell
motility/migration signaling pathways. As illustrated in Figure 4, signaling is initiated by cytokine
CXCL-mediated activation of the chemokine receptor CXCR, or by growth factor-mediated activation
of a receptor tyrosine kinase. The cytokines CXCL1, CXCL2, and CXCL3 are among the DEGs
through which ASTX mitigates H. pylori-induced upregulation (Table 1). In addition, the MET gene,
which encodes the receptor tyrosine kinase c-MET (also known as HGF receptor), is also subject to
upregulation by H. pylori and partially suppressed by AGS cell pretreatment with ASTX.

DEGs listed in Table 1 that impact downstream cell motility/migration signaling are PLCG1
(encodes phospholipase C gamma 1 (PLCy1)), PIK3CB (encodes phosphatidylinositol-4,5-bisphosphate
3-kinase C2f3 (PI3KC2p)), CDC42 (encodes cell division control protein homolog 42 (Cdc42)),
and ROCK1 (encodes Rho-associated coiled-coil containing protein kinase 1 (ROCK)). PI3KC2f3
and PLCy1 have been implicated in the promotion of cytoskeleton rearrangement and cell motility [36].
Cdc42 and ROCKT serve to transmit signals from PI3K and PLCy to downstream partners. As is
described under Section 2.4, c-MET, PI3KC2f3, PLCy1, Cdc42, and ROCK1 mRNA levels were
determined to verify the RNA-seq results, and to compare the effects of H. pylori infection, and ASTX
pretreatment, on the level of transcription.

|
o |
|

Alteration of
actin cytoskeleton

Alteration of
cell adhesions

Induction of
cell motility

Induction of
cell migration

Figure 4. Depiction of a cancer cell motility and migration signaling network model that includes
DEGs identified by RNA-seq analysis (Table 1) as displaying upregulated genes in H. pylori-infected
in AGS cells. The DEG-encoded proteins are colored blue and the suggested pathway mediators are
colored green.

2.4. Determinations of c-MET, PI3KC2B, PLCy1, Cdc42, and ROCK1 mRNA Levels in H. pylori-Infected AGS
Cells, with and without ASTX Pretreatment

To compare the transcriptional level of the DEGs encoding ¢-MET, PI3KC2p3, PLCy1, Cdc42,
and ROCKT1 in H. pylori-infected AGS cells with and without ASTX pretreatment, real-time PCR was
carried out. The results reported in Figure 5 show that H. pylori infection increases the respective
mRNA levels in the absence of ASTX pretreatment, whereas H. pylori infection of ASTX-pretreated
cells had little or no effect on the mRNA levels.
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Figure 5. Changes in the levels of mRNAs encoding c-MET, PI3KC2f, PLCy1, Cdc42, and ROCK1
in H. pylori-infected AGS cells, with and without ASTX pretreatment, determined by real-time PCR.
AGS cells were pretreated with vehicle (DMSO) or 5 uM ASTX for 3 h and then incubated with H. pylori
at a 1:50 cell ratio for 1 h. The relative amounts of c-MET, PI3KC2f, PLCy1, Cdc42, and ROCK1 mRNA
in AGS cells were measured by real-time PCR. The mRNA levels were normalized to that of $-actin (A)
or 185 rRNA (B). All values are expressed as the mean + S.E. For each experiment, the number of each
group was three (1 = 3 per each group). A Student’s t-test was used for statistical analysis. * p < 0.05 vs.
uninfected cells; + p < 0.05 vs. H. pylori-infected cells without ASTX treatment.

3. Discussion

Cell migration, which is essential to cancer metastasis, is triggered by coordinated modulation
of the cytoskeleton and cell—cell and cell-substratum adhesions. A moving cell extends itself at the
front by creating protrusions in the intended direction and by making new focal adhesions with
the substratum. On the rear ends of the cell, the cell contracts itself and releases its adhesions from
the substratum. H. pylori infection triggers the inflammatory response which directly correlates to
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higher rate of gastric cancer progression by stimulating cell proliferation, migration, angiogenesis,
and invasion [44-46]. Al-Ghoul et al. investigated the association of cagPAI type IV secretion system in
cell motility and IL-8 release, and found out that H. pylori that induced high secretion of IL-8 in AGS cells
were the ones that are capable of triggering cell motility response in the cells [44]. mRNA expression of
IL-8 was notably increased starting from 1 h incubation with H. pylori, and IL-8 was affecting most
of the early phase signal pathways in AGS cells infected with H. pylori, especially around 1 h of
infection [47,48]. Major signaling pathways leading to migration and invasion, such as PI3K/Akt, PLCy,
and MAPKSs such as p38 and ERK, were activated at early time points of H. pylori infection around
30-60 min [47,49,50]. The downstream effectors such as c-Met, Racl, and Cdc42 were detected in AGS
cells at 1 h after H. pylori infection [22,51,52]. In this study, preliminary data showed marked increase
of IL-8 mRNA expression level from 1 h incubation with H. pylori, and thus we aimed to find out which
signaling networks are turned on during the first phase response of short-term H. pylori infection.

GO analysis of the DEGs identified by RNA-Seq analysis of ASTX-pretreated, H. pylori-infected
AGS cells, identified 23 DEGs that are associated with cytoskeleton-remodeling, cell-motility,
and cell-migration signaling pathways (Figure 3, Table 1). We focused our attention on five of
these, namely the c-MET, PI3KC2§3, PLCy1, Cdc42, and ROCK1 encoding genes, and demonstrated
that their transcription is upregulated by H. pylori, but significantly less so in ASTX-pretreated AGS
cells (Figure 5).

The HGF receptor c-Met is known to be an upstream regulator of cell migration [53]. It is highly
expressed in cancer cells, where it promotes actin cytoskeleton rearrangement and cell motility [54].
It has also been demonstrated that micro-RNA-499a-mediated suppression of non-small cell lung cancer
cell migration and invasion occurs via downregulation of c-MET gene expression [55]. In addition,
Churin et al. reported that expression of the c-MET gene is activated within 30 min following
H. pylori infection of AGS cells, and that this activation is required for H. pylori-induced cell motility
and scattering [49]. We found that ASTX treatment significantly reduces upregulated c-MET gene
expression in H. pylori-infected AGS cells (Table 1, Figure 3). Thus, ASTX might target c-Met to suppress
AGS cell migration.

The downstream regulators PI3K and PLCy facilitate the cell motility cascade by modulating the
level of phosphatidylinositol 4,5-bisphosphate (PIP2) [56-58]. PI3K generates phosphatidylinositol
3,4,5-trisphosphate (PIP3) from PIP2, or generates PIP2 from phosphatidylinositol 4-phosphate (PIP),
thereby facilitating Rho GEF activation and membrane targeting. PI3K is an essential mediator of
H. pylori-induced AGS cell migration [59]. In previous studies, ASTX treatment reduced invasive
behavior of breast cancer cells and oral carcinoma cells by inhibiting PI3K signaling [42,43]. In a
recent study carried out with oral squamous cell carcinoma models, Kowshik et al. reported that
ASTX inhibits hallmarks of cancer by targeting the PI3K/NF-kB/STAT3 signaling axis [43]. PLCy is
also an important mediator of cell migration in response to growth factor receptor activation [60,61].
PLCy modulates the level of PIP2, which in turn governs the activation of Rho family proteins as well
as actin-modifying proteins such as the actin-severing cofilin [62]. In the present study, we showed
that ASTX suppresses upregulation of the transcription of PI3KC2 and PLCy1, and their downstream
targets ROCK1 and Cdc42 resulting from H. pylori infection of AGS cells.

4. Materials and Methods

4.1. Cell Line and Culture Conditions

The human gastric adenocarcinoma cell line AGS (ATCC CRL 1739) was purchased from the
American Type Culture Collection (ATCC; Rockville, MD, USA). AGS cells were grown in RPMI 1640
medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco,
Grand Island, NY, USA), 100 U/mL penicillin, and 100 pg/mL streptomycin. The cells were cultured at
37 °C under a humidified atmosphere consisting of 95% air and 5% COs.
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4.2. Treatment of AGS Cells with ASTX

ASTX (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, St. Louis, MO, USA) and stored under nitrogen at —80 °C. Before use, the ASTX stock
solution was thawed at 70 °C and added to FBS to achieve the desired concentration. Prior to their
infection with H. pylori, AGS cells were preincubated with pure DMSO diluted by FBS at 0.05% final
concentration (v/v) (vehicle control) or with 5 uM ASTX for 3 h. The indicated dose and incubation
time of ASTX were chosen based on our previous study that demonstrated the inhibitory effect of ASTX
on mitochondrial dysfunction and inflammation in H. pylori-infected AGS cells [63]. In particular,
5 uM ASTX exhibited antioxidative effects in AGS cells when preincubated for 3 h.

4.3. Bacterial Strain and H. pylori Infection

The H. pylori strain NCTC 11637 was obtained from ATCC. The bacterial cells were grown on
chocolate agar plates (Becton Dickinson Microbiology Systems, Cockeysvile, MD, USA) at 37 °C,
under microaerophilic conditions, using an anaerobic chamber (BBL Campy Pouch® System, Becton
Dickinson Microbiology Systems, Franklin Lakes, NJ, USA). AGS cells were seeded and cultured
overnight to reach 80% confluency. The H. pylori was harvested from the plates, suspended in
antibiotic-free RPMI 1640 medium supplemented with 10% fetal bovine serum, and then added to the
AGS cell culture at a cellular ratio of 50:1. AGS cells (1.5 x 10%/mL) were pretreated with 5 uM ASTX or
the control vehicle DMSO for 3 h prior to H. pylori stimulation. The cells were then incubated with
H. pylori for 1 h (for preparation of RNA extracts and for determination of mRNA gene expressions).

4.4. Preparation of Total RNA Extracts and Library Construction

Total RNA extract was isolated using TRI reagent (Molecular Research Center, Cincinnati, OH,
USA) and then cleaned and concentrated using the RNeasy MinElute Cleanup Kit (Quiagen, Valencia,
CA, USA) according to the manufacturer’s protocol. Following determination of the total RNA
concentration in each extract, the extracts from three replicate experiments were pooled for RNA-Seq
library construction.

AmpliSeq libraries were constructed and sequenced using the Ton Torrent S5TXL next-generation
sequencing system (ThermoFisher Scientific, Waltham, MA, USA) in conjunction with the Ion AmpliSeq
Transcriptome Human Gene Expression Kit, according to the manufacturer’s instructions. For each
sample, 30 ng of total RNA was used for cDNA library preparation. Multiple libraries were multiplexed
and clonally amplified using the Ion Chef System (Thermo Fisher Scientific, Waltham, MA, USA),
and then sequenced. The ampliSeq RNA Plug in (ver 5.6.0.3) by Torrent Suite Software (Thermo Fisher
Scientific, Waltham, MA, USA) was used for data analysis.

4.5. RNA-Sequencing and Bioinformatics Analysis

The total RNA library was subjected to transcriptome sequencing carried out by e-Biogen
(www.e-biogen.com, Seoul, Korea). EXDEGA (Excel-based Differentially Expressed Gene Analysis)
software (e-Biogen, Seoul, Korea) was used for initial data processing and analysis for differentially
expressed genes (DEGs).

Differential gene expression analysis was performed with EXDEGA v1.6.8 software and using
a cutoff at the normalized gene expression (log2) of 2 and p-value of <0.05. DEGs were identified
based on >1.5-fold change observed in transcript levels. After filtering the DEGs, Gene Ontology (GO)
analysis was performed using the DAVID bioinformatics program (https://david.ncifcrf.gov), for gene
identification and annotation. To identify the functional groups and molecular pathways associated
with the observed DEGs, RNA-Seq data were further analyzed using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (www.genome.jp).
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4.6. Validation of DEGs by Real-Time Polymerase Chain Reaction (PCR)

Real-time PCR was performed to validate the expression profiles of DEGs identified from
RNA-Seq analysis. Candidate genes were selected in relation to the category of function. Total RNA
was isolated using TRI reagent (Molecular Research Center, Cincinnati, OH, USA). Conversion
of the RNA to cDNA was carried out by incubating the RNA sample with a random nucleotide
hexamer and MuLV reverse transcriptase (Promega, Madison, WI, USA) at 23 °C for 10 min, 37 °C
for 60 min, and 95 °C for 5 min. The cDNA was used for real-time PCR with primers specific for
human. The sequences of the primers used are 5'-TGCACAGTTGGTCCTGCCATGA-3’ (forward) and
5-CAGCCATAGGACCGTATTTCGG-3’ (reverse) for c-MET, 5’-TTGTCTGTCACACTTCTGTAGTT-3’
(forward) and 5-AACAGTTCCCATTGGATTCAACA-3’ (reverse) for PI3KC2p3,
5-TCGTATATCAGCCAAGGACC-3’ (forward) and 5'-AGTACTGGCTTCCAAGAAGG -3’ (reverse)
for PLCy1, 5-GATGGTGCTGTTGGTAAA-3" (forward) and 5-TAACTCAGCGGTCGTAAT-3’
(reverse) for Cdc42, 5-ATGAGTTTATTCCTACACTCTACCACTTTC-3" (forward) and
5-TAACATGGCATCTTCGACGACACTCTAG-3’ (reverse) for ROCK1. For PCR amplification,
the cDNA was amplified by 45 repeat denaturation cycles at 95 °C for 30 s, annealing at
55 °C for 30 s, and extension at 72 °C for 30 s. During the first cycle, the 95 °C step
was extended to 3 min. The fB-actin and 18S rRNA gene was amplified in the same
reaction to serve as the reference gene. For f-actin and 185 rRNA, the desired PCR
product was obtained using the primer 5-ACCAACTGGGACGACATGGAG-3’ (forward)
and 5’-GTGAGGATCTTCATGAGGTAGTC-3’ (reverse), and 5'-GTAACCCGTTGAACCCCATT-3’
(forward) and 5-CCATCCAATCGGTAGTAGCG-3’ (reverse), respectively. The relative gene
expression of c-MET, PI3KC2f3, PLCy1, Cdc42, and ROCK1 mRNA were normalized to that of 3-actin
or 185 rRNA.

4.7. Statistical Analysis

For the changes in the levels of mRNAs encoding c-MET, PI3KC23, PLCy1, Cdc42, and ROCK1 in
H. pylori-infected AGS cells, all values are expressed as the mean =+ S.E. For each experiment, the number
of each group was three (n = 3 per each group). A Student’s t-test was used for statistical analysis.
A p-value of 0.05 or less was considered statistically significant.

5. Conclusions

Transcriptional array profiling by RNA-Seq analysis of H. pylori-infected AGS cells,
and H. pylori-infected AGS cells pretreated with ASTX was carried out to identify potential mediators
in the inhibitory mechanism of ASTX on H. pylori-induced inflammatory and carcinogenic responses.
Our findings indicate that ASTX can suppress H. pylori-induced gastric cancer progression by inhibiting
cytoskeleton reorganization and reducing cell motility through downregulation of c-MET, EGFR,
PI3KC2, PLCy1, Cdc42, and ROCK1.
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Abstract: Breast cancer is the leading cause of death among women worldwide. Over the years,
oxidative stress has been linked to the onset and progression of cancer. In addition to the classical
histological classification, breast carcinomas are classified into phenotypes according to hormone
receptors (estrogen receptor—RE—/progesterone receptor—PR) and growth factor receptor (human
epidermal growth factor receptor—HER?2) expression. Luminal tumors (ER/PR-positive/HER2-
negative) are present in older patients with a better outcome. However, patients with HER2-positive
or triple-negative breast cancer (TNBC) (ER/PR/HER2-negative) subtypes still represent highly
aggressive behavior, metastasis, poor prognosis, and drug resistance. Therefore, new alternative
therapies have become an urgent clinical need. In recent years, anticancer agents based on natural
products have been receiving huge interest. In particular, carotenoids are natural compounds
present in fruits and vegetables, but algae, bacteria, and archaea also produce them. The antioxidant
properties of carotenoids have been studied during the last years due to their potential in preventing
and treating multiple diseases, including cancer. Although the effect of carotenoids on breast cancer
during in vitro and in vivo studies is promising, clinical trials are still inconclusive. The haloarchaeal
carotenoid bacterioruberin holds great promise to the future of biomedicine due to its particular
structure, and antioxidant activity. However, much work remains to be performed to draw firm
conclusions. This review summarizes the current knowledge on pre-clinical and clinical analysis on
the use of carotenoids as chemopreventive and chemotherapeutic agents in breast cancer, highlighting
the most recent results regarding the use of bacterioruberin from haloarchaea.

Keywords: breast cancer; carotenoids; bacterioruberin; oxidative stress; antioxidant; pro-oxidant

1. Introduction

Reactive nitrogen (RNS) and oxygen (ROS) species are metabolic by-products gen-
erated by all biological systems. More specifically, superoxide radicals (O, ), hydroxyl
radicals (¢OH), singlet oxygen (10,), and hydrogen peroxide (H,O,) are the most frequent
ROS produced [1]. An equilibrium between ROS production and metabolization is re-
quired for most biological processes to function. When there is an imbalance in favor of
ROS production, most biomolecules and cellular structures are negatively affected. Over
the years, it has been repeatedly reported how oxidative stress can be one of the causes
behind the onset and progression of many pathologies, including cancer, heart disease, or
diabetes [2].

Cancer is considered a multi-stage process in which genetic and epigenetic alterations
accumulate. These alterations produce the dominant activation of different oncogenes
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and the inactivation of tumor suppressor genes, ultimately leading to the malignant
transformation of healthy cells [3,4]. Although a small percentage of human cancers
are linked to genetic inheritance, the vast majority are caused by infections, chemical
exposure and factors regarding lifestyle, such as smoking, diet, and UV radiation [5]. Over
the last decades, there has been a constant rise in research focused on oxidative stress,
inflammation, and cancer [6,7]. Antioxidants can counteract oxidative stress, thus helping
prevent and delay in the development of this neoplasia [8].

Over the last years, there has been an increasing interest in microbes as natural sources
for the production of carotenoids due to their remarkable antioxidant properties. The use
of microbial species can be very advantageous since they produce high rates of carotenoids
which can be isolated using environmentally friendly approaches; thus reducing the cost
and the environmental impact compared to the chemical synthesis of carotenoids [9,10].
Extremophilic microorganisms that inhabit solar salterns (halophilic microbes) are usually
exposed to high levels of oxidative stress as a consequence of high solar radiation or high
temperatures (up to 50 °C in summer). In response to this stress, they have developed
several molecular adaptations, such as the synthesis of carotenoids, which are very active
against ROS [11]. Thus, it was described that extreme halophilic microorganisms belonging
to Archaea domain (haloarchaea) can produce carotenoids, particularly rare carotenoids
containing 50 carbon units, being bacterioruberin the most abundant. Haloarchaeal Csg
carotenoids have caught the attention of many researchers due to their particular structures,
which would provide them with higher scavenger activity than their C4g counterparts [12].
However, the actual beneficial effect of these natural antioxidants on human health is yet
to be determined.

In this review, we summarize the recent advance in the use of carotenoids in preventing
and treating breast cancer, highlighting the potential of bacterioruberin.

2. Breast Cancer Epidemiology

Breast cancer is one of the most frequent malignancies worldwide, representing 11.7%
of all cancers [13]. This neoplasia is considered genetically and clinically heterogeneous,
including various subtypes, with distinct histopathological patterns and molecular char-
acteristics, resulting in different responses to therapies and prognosis [14-16]. Although
mortality risk decreases every year in developed countries, breast cancer incidence in-
creases [13]. Even though there are differences between countries, it is still the leading
cause of death in women between 20 and 50 years [17]. However, only less than 10% of
breast cancers are thought to be hereditary. Most cases are associated with lifestyle choices,
dietary habits, and environmental and reproductive factors that increase the risk of breast
cancer and other chronic diseases [18,19]. Significant efforts are currently being made to
develop new and improved detection strategies, therapeutic targets, and better treatments.
About two decades ago, Perou and colleagues proposed an “intrinsic genetic signature”
made up of 496 genes [14]. This genetic signature allowed the classification of breast cancer
into four molecular subtypes, representing different biological and clinical entities [14].
Subsequent studies have made it possible to redefine these molecular subtypes [20-22].
However, despite different nomenclatures and molecular subtypes, breast cancer is rou-
tinely classified by immunohistochemical methods into four well-differentiated phenotypes
based on the expression of estrogen and progesterone receptors (RE/RP) and human epi-
dermal growth factor 2 (HER2): Luminal A, Luminal B, HER2-pure, and triple negative
(TNBC), the latter being the most heterogeneous [23]:

e  Luminal A tumors represent 50-60% of all breast cancer cases. These tumors show ER
and PR expression, but HER2 is negative. In general, patients have a good prognosis
since these tumors have low histological grade and proliferation rates [24];

e  Luminal B tumors are also ER/PR positive, and they can present HER2 overexpres-
sion/amplification or not, with higher proliferation rates than Luminal A tumors. In
addition, these tumors progress to some extent faster than Luminal A tumors [25];

50



Mar. Drugs 2021, 19, 594

e  HER2-enriched tumors express neither of the two hormone receptors (HR), and they
are HER2-positive. Generally, this molecular subtype is associated with a high histo-
logical grade, and, from a clinical point of view, it is characterized by having a poor
prognosis. Nevertheless, therapies targeting HER2 proteins are usually successful [26];

e TNBC express neither HR nor HER2, and, therefore, they have no specific target for
treatment. However, clinically, they behave more aggressively, with higher metastasis
rates to the brain and lung [27].

Representative cell lines for each defined breast cancer subtype are available for
in vitro assays so that the distinctive effect of antitumor agents can be explored (Figure 1).
T47-D (Figure 1A) and MCF-7 (Figure 1B) cell lines present an ER/PR+ phenotype, thus
being examples of Luminal A subtype. BT-474 presents Luminal B features such as HER2
overexpression, as well as ER/PR expression (Figure 1C). HER2-enriched subtype can be
studied thanks to SK-BR-3 (Figure 1D) and MDA-MB-453 cell lines. Among triple negative
tumors, we can distinguish between triple negative /Basal-like and triple negative/Claudin
low depending on gene expression characteristics [28], with MDA-MB-468 (Figure 1E) and
MDA-MB-231 (Figure 1F) as their representative cell lines, respectively.
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Figure 1. Breast cancer cell lines. (A) T47-D and (B) MCEF-7 cell lines are representative of luminal A (ER/PR+) phenotypes.
(C) BT-474 cell line represents the Luminal B/HER2+ tumors. (D) SK-BR-3 cell line is characterized by the lack of ER and PR
expression but it overexpresses the HER2/c-erb-2 gene, thus representing HER2-enriched subtype. (E) MDA-MB-468 cell
line belongs to the triple negative/Basal-like (ER/PR and HER2 negative) phenotype. (F) MDA-MB-231 cell line constitutes
the triple negative/Claudin-low subtype. (Image credit: Yoel Genaro Montoyo-Pujol). Scale bars of 100 um are included in
each micrograph.
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About 60-70% of breast cancers are of luminal subtype, therefore hormone-sensitive
and responsive to endocrine therapy and relatively good prognosis [29]. However, HER2-
positivity has been more frequently reported in HR-negative than HR-positive cancers,
correlated with aggressive clinical behavior and poor prognosis. Despite the fact that novel
HER2-targeted therapies have dramatically improved the outcome in HR-negative/HER2-
positive patients, drug-related side effects are yet major obstacles ahead [30].

TNBC represents a specific subtype accounting for approximately 15-20% of breast
cancers, characterized by negative ER/PR/HER?2 expression. Patients show a highly
aggressive clinical outcome, tending to earlier relapses and frequent metastasis to the brain
and lungs, and, therefore, poorer survival compared with other subtypes [31].

In addition, neoplastic transformation results from the dysfunction of signal trans-
duction networks that regulate molecular communications and cellular processes. Among
them, several signaling pathways have been described to be deregulated in breast carci-
noma, including the PI3K/Akt/mTOR pathway, Notch pathway, Hedgehog pathway,
ERK/MAPK pathway, NF-kB pathway, FOXO1/JAK/STAT pathway, TP53 pathway,
Wnt/ 3-catenin, as well as apoptotic and cell cycle pathways. These networks are highly
adaptable and dynamic [32].

Furthermore, the results of recent retrospective and prospective clinical studies have
shown that the molecular classification of breast cancer subtypes and the mechanisms of
interaction between tumors and immune cells of different subtypes are significant for pre-
dicting therapeutic response and prognosis and developing individualized treatment [33].
Therefore, despite the overall successes in breast cancer therapy, which have improved
the prognosis, significant challenges exist in managing and treating patients who recur,
develop resistance, or show no responsiveness since they do not have therapeutic targets.
Hence, it is urgent to investigate novel and more effective agents without side effects in
addition to conventional chemotherapy. In this regard, carotenoids are attracting enormous
attention as promising drug candidates in breast cancer treatment.

3. The Role of Oxidative Stress in Cancer

Cancer in humans is a multifactorial pathology triggered by endogenous and exoge-
nous factors [34]. During the development of tumors, nutrient and oxygen concentrations
change due to the dynamics of the vasculature. Combining these changes with tissue
remodeling events shapes the tumor metabolic landscape, complexly involving both cell-
autonomous and non-cell-autonomous mechanisms [35,36]. It is not entirely clear how
tumors cope with low nutrient and oxygen concentrations. When such deficits are sensed,
suitable cellular responses are elicited, and new vasculature is ultimately established [37].
Changes in mitochondrial metabolism mediate early responses to sharp drops in oxygen
tension and, in particular, the generation of reactive oxygen species (ROS) [38].

Although ROS are essential in maintaining the equilibrium between pro-oxidant
and antioxidant molecules, an excessive amount of these molecules negatively affects the
structure and function of most biomolecules [39]. Oxidative stress can cause DNA damage
and mutations, hydrolyzation of DNA bases, oncogene activation, and chromosomal
abnormalities [40]. These alterations can promote tumor progression since they modify the
transcriptomic profile, thus leading to impaired cell growth [41]. CpG islands can also be
affected, causing loss of epigenetic information [42]. Furthermore, the oxidation of DNA
by ROS releases 8-hydroxy-2-deoxyguanosine, which can generate DNA mutations [43,44].
Other possible DNA modifications include strand breaks, DNA-protein crosslinks, base-free
sites, and base and sugar lesions [45]. However, not only DNA is affected by oxidative stress.
ROS can oxidize lipoproteins, and the polyunsaturated lipids in the cell membrane due to
lipid peroxidation [46]. In fact, lipid peroxidation is a radical chain reaction that generates
cytotoxic and mutagenic compounds, such as malondialdehyde [46]. In addition, protein
structure might be damaged, leading to conformational changes or loss of function [47].

ROS release during oxidative stress can be provoked by endogenous or exogenous
stimuli [48]. In addition, countless enzymatic reactions in the cell are endogenous sources
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of oxidative stress as part of the metabolism [49]. For example, the radical Oe ™ is released
by lipoxygenases, cyclooxygenases, and inflammatory cells during cellular respiration [50].
However, it is well established that also lifestyle strongly influences the levels of oxidative
stress, thus increasing the risk of cancer development [51,52].

Several oncogenic pathways are activated by high levels of ROS [53], such as the
phosphoinositide 3-kinases pathway (PI3K). Phosphatase and tensin homolog (PTEN) can
be inactivated by the oxidation of its regulatory Cys 124 residue due to the interaction
with ROS, such as H,O; [54]. Furthermore, the formation of a disulfide bond between
Cys124 and Cys71 leads to PTEN inactivation, thus inducing the hyperactivation of the
PI3K signaling pathway [55,56]. In consequence, protein kinase B (AKT) is constantly
upregulated, which results in the continuous expression of genes involved in the activation
of the cell cycle, for example, cyclin-dependent kinase 1 (CDK1) [57]. During the initiation
of a tumor, blood vessels are poorly developed, creating a hypoxic environment [58].
Hypoxia causes an alteration in the mitochondrial electron transport chain, which releases
more ROS that contributes to the activation of hypoxia-inducing factor-1 (HIF-1) [59]. More
specifically, prolyl hydroxylase domain (PHD), a HIF-1 inhibitor, is inactivated in ROS.
HIF-1 is a transcription factor that induces the expression of vascular endothelial growth
factor (VEGF) and aerobic glycolysis [60]. In addition, tumor proliferation is enhanced
due to the HIF-1-dependent activation of the c-Myc pathway [61]. High ROS levels also
contribute to the invasiveness of a tumor due to the activity of transforming growth factor
beta-1 (TGFf1) [62]. TGF#1 induces the epithelial-mesenchymal transition (EMT) and
the secretion of various invasiveness biomarkers, such as VEGF and interleukin 6 [63].
Furthermore, ROS activates matrix metalloproteinase (MMP) synthesis via Ras and MAPK
signaling pathways or via NF-kB [64].

Tumor cells can tolerate higher ROS levels than normal cells since they modulate the
redox environment and use it to proliferate. Nevertheless, if a certain threshold of ROS
levels is surpassed, even tumor cells cannot adapt, and, therefore, cell death pathways are
activated [53].

In particular, high levels of oxidative stress in breast cancer have been reported in
the literature since breast cancer cells also present an enhanced ROS production and low
catalase activity. ER-positive tumors show higher levels of 8-hydroxy-2-deoxyguanosine
than ER-negative [65]. Gene alterations in breast cancer are thought to be caused by ROS
released by estrogen-induced oxidative stress. Breast tissue is sensitive to DNA damage by
natural and synthetic estrogens [66,67]. It has been repeatedly stated that elevated ROS
levels induce tumor initiation. As a consequence, cancer cells with a robust antioxidant
capacity may experience selection pressure. However, cancer cells also present higher
ROS concentrations than normal cells. Based on this premise, it has been suggested that
cancer cells could be more sensitive than normal cells to a further increase in ROS levels,
thus selectively targeting neoplastic cells [22,45]. In theory, these additional ROS would
spare their effect on normal cells because ROS would be present at physiological levels [68].
However, there are still no solid results from pre-clinical and clinical studies to support
this theory, and much work remains to be performed to draw firm conclusions.

The use of antioxidants holds promises since they would exert their antioxidant
activity on non-tumoral cells, whereas pro-oxidant activity would affect cancer cells. This
approach is based on the pro-oxidant activity that many antioxidants presents, which will
be further discussed in Section 5.1. However, pro-oxidant therapy is an emerging concept
that has not been deeply explored yet. In addition, many breast cancer chemotherapeutic
drugs, such as taxanes and anthracyclines, can induce oxidative stress in the brain and
blood as a side effect [69].

For this reason, the administration of exogenous antioxidants has been studied during
the last years to counteract the detrimental effects of neoplastic treatment in healthy tissues
to prevent neurotoxicity [70]. Particularly, phytochemicals such as some carotenoids,
terpenoids, and polyphenols can modulate various oncogenic pathways. Therefore, they
are being investigated as potential therapeutics [71].
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4. Antioxidants as a Defense Mechanism against Oxidative Stress

Antioxidants are molecules that can prevent or slow damage to cells caused by free
radicals, which are unstable molecules produced during metabolic reactions, not only
under “standard metabolic conditions” but also as a response to stressful environmental
parameters or other pressures. They are sometimes called“free-radical scavengers”. From
a functional point of view, antioxidants prevent or delay the oxidation of other molecules
through the donation of hydrogen atoms or electrons. They are essential in the protection
of the cells against free radicals like reactive oxygen species (ROS) and reactive nitrogen
species (RNS), and, therefore, against oxidative stress [72].

Antioxidants can be classified into several groups based on their role, chemical com-
position, etc. The most used classification establishes two broad divisions, depending on
whether they are soluble in water (hydrophilic) or lipids (lipophilic). Water-soluble an-
tioxidants react with oxidants in the cell cytosol and the blood plasma, while lipid-soluble
antioxidants protect cell membranes from lipid peroxidation [73].

Cells can use several defense mechanisms against ROS and RNS, which work together
to scavenge free radicals. There are endogenous and exogenous antioxidants, the latter
being synthetic or natural [74]. Cells synthesize some molecules showing antioxidant
activity, such as glutathione, alpha-lipoic acid, coenzyme Q, ferritin, uric acid, bilirubin,
metallothionein, L-carnitine, and small proteins such as thioredoxins (TRX). In addition,
they act as an efficient reducing agent, scavenging reactive oxygen species and maintaining
other proteins in their reduced state [75]. However, among the endogenous antioxidant
repertoire of cells, it is worth highlighting the activity of some enzymes commonly named
“antioxidant enzymes” [76]. A few of these enzymes are following listed:

- Superoxide dismutase (SOD): catalyze the breakdown of the superoxide anion into
oxygen and hydrogen peroxide [77];

- Catalase (CAT): catalyze the conversion of hydrogen peroxide to water and oxygen,
using either an iron or manganese cofactor [78];

- Peroxiredoxins (PRXs): peroxidases that catalyze the reduction in hydrogen peroxide,
organic hydroperoxides, as well as peroxynitrite [79];

- Glutathione peroxidases (GPXs): these are enzymes involved in a more complex path-
way termed “glutathione system”, which includes glutathione, glutathione reductase,
glutathione peroxidases, and glutathione S-transferases. Within this series of reactions,
glutathione peroxidase catalyzes the breakdown of hydrogen peroxide and organic
hydroperoxides [80].

Based on the analyzed literature focused on antioxidant enzymes and cancer, the
following features can be highlighted: (i) the activity of antioxidant enzymes is important
for diagnosing neoplastic diseases such as non-small-cell lung cancer, bladder cancer,
ovarian cancer, and colon cancer; (ii) non-small-cell lung cancer is usually characterized
by decreased SOD and CAT activity and increased glutathione GST activity. Lowered
SOD, CAT, and GPx activity are characteristic of bladder cancer. XOR, CAT, SOD, and GPx
expression is decreased in patients with ovarian cancer. Colorectal cancer is characterized
by increased MnSOD expression (in vitro studies) and SOD expression while CAT, GPx,
and GR are decreased (in vivo study); and finally, (iii) SOD, CAT, and XOR are proposed
as prognostic markers in cancer of the lung, bladder, ovarian, and colon [81]. Moreover,
antioxidants can also be chemically synthesized, such as N-acetyl cysteine (NAC), pyruvate,
selenium, butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), and propyl
gallate [82]. Some of these synthetic compounds have been tested in neoplastic cells
reporting radioprotection, protection against acute toxicity of chemicals, antimutagenic
activity, and antitumorigenic action [83]. However, BHT and BHA are not exempt from
controversy since contradictory data involves their beneficial effects and their potentially
harmful effects on human health [84]. The concerns regarding their biosafety are based on
several studies reporting endocrine-disrupting effects [85], reproductive toxicity [86], and
carcinogenity [87]. The controversy encourages re-evaluating the use of these synthetic
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antioxidants and exploring already known and new naturally derived antioxidants that
may benefit human health.

Natural antioxidants are incorporated through the diet, including vitamins and
carotenoids. Regarding vitamins, Vitamins C, E, and A show significant antioxidant
activities. Vitamin C, also named ascorbic acid, is a redox catalyst that can reduce, and
thereby neutralize ROS, such as hydrogen peroxide. Vitamin A is not a powerful antioxi-
dant itself, but it has been reported that it plays a key role in inhibiting hepatic stellate cells
(an effector of hepatocellular carcinoma) activation via suppressing thioredoxin-interacting
protein and reducing oxidative stress levels. Finally, vitamin E (liposoluble) protects mem-
branes from oxidation by reacting with lipid radicals produced in the lipid peroxidation
chain reaction [88,89].

In recent decades, the relevance of antioxidants in various biological processes such
as aging, cancer, and inflammation has been reported [71,90-92]. Different approaches
have been assessed, from prevention to treatment of several pathologies. Antioxidants
could also help reduce the side effects of the oxidative stress generated by chemo and
radiotherapy [93,94]. Among all antioxidants, carotenoids, many of which have been
identified and extracted from marine microorganisms [10,12,95], have attracted a lot of
attention due to their remarkable antioxidant properties and their potential as anticancer
and immunomodulatory agents.

5. Carotenoids

Carotenoids are isoprenoid polyenes displaying lipophilic properties. In nature, they
are pigments ranging from yellow to red which can be found in plants, algae, microorgan-
isms, and some animals [96,97]. There are more than 750 different carotenoid structures
identified [98]. Carotenoids can be classified into two main groups: carotenes and xan-
thophylls. On the one hand, carotenes, such as 3-carotene, have a chemical structure
composed uniquely of carbon and hydrogen and are all vitamin A precursors (Figure 2A).

On the other hand, xanthophylls present at least one oxygen group in their hydrocar-
bon chain (Figure 2B) [99]. In contrast, they cannot act as precursors for vitamin A. Since
carotenoids are composed of isoprenoid units, they usually contain numerous conjugated
double bonds in their structure. This characteristic, combined with cyclic end groups in
some cases, generates a series of stereoisomers that differ in their chemical and physical
properties, such as solubility, stability, and light absorption [100]. When two parts of the
structure linked by a double bond are on opposite sides of the plane, the carotenoid is in
E-configuration. On the contrary, if both parts are on the same side of the plane it is called
Z-configuration [101].

Fruits and vegetables contain many carotenoids, including «-carotene, 3-carotene,
lycopene, lutein, and zeaxanthin, among others [100]. Carotenoids are very well known for
their remarkable antioxidant properties [102]. However, their relevance is not only subject
to their ROS scavenging capacity. They can inhibit tumor growth and invasiveness and are
apoptosis inducers, as it will be further discussed in Section 6 with the example of breast
cancer [103]. Carotenoids can also modulate gene expression and possess anti-inflammatory
and immunomodulatory activities [104] (Figure 3). The anti-inflammation mechanisms of
carotenoids include targeting inflammatory biomarkers, such as chemokines and cytokines,
a acute-phase proteins. Carotenoids can also promote PI3K/Akt and nuclear factor ery-
throid 2-like 2 (Nrf2) signaling pathways [105]. In addition, they can inhibit NF-kB, p38
MAPK, and JAK-2/STAT-3 signaling pathways, which are also related to tumorigenesis.
Some carotenoids, such as astaxanthin, prevent neuronal death by regulating the Wnt/3-
catenin signaling pathway and inducing angiogenesis [106]. However, in the case of tumor
cells, carotenoids avoid the development of blood vessels, exerting an anti-angiogenic
activity [107,108]. Anti-adiposity activity has also been reported for some carotenoids,
such as cantaxanthin, through the differentiation of adipose cells [109]. Carotenoids have
been reported to induce the proliferation of immunocompetent cells and might boost host
resistance to pathogens. For example, astaxanthin positively influenced the intracellular
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calcium concentration and enhanced the capacity of neutrophils to eliminate microbes [102].
Furthermore, carotenoids can also increase gap junction formation, which might be related
to their anti-carcinogenic properties [110].

(A) (B)

Figure 2. Examples of chemical 2D structures of carotenoids: (A) a carotenoid: cis-,3-carotene (CID:
5927317) and (B) a xanthophyll: all-trans-lutein (CID: 6433159). The oxygen group is highlighted in
red. Chemical 2D structures obtained from PubChem (NTH).
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Figure 3. Biological properties of carotenoids. Although they are mainly known by their antioxidant
activity, carotenoids can exert various effects on cells.
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5.1. Antioxidants or Pro-Oxidants?

Carotenoids’ antioxidant activity is attributed to their double-bonded structure and
their ability to delocalised unpaired electrons [111]. As a result, carotenoids are capable of
quenching free radicals, such as superoxide (O,e—), hydroxyl (¢OH), and peroxyl (ROOe)
radicals. Carotenoids can also prevent lipid damage from peroxidation [112]. However,
recent studies have provided evidence on the pro-oxidant activity of carotenoids under
certain conditions. As a consequence of this pro-oxidant potential, the concentration
of ROS might increase. Nevertheless, this property does not disregard the protective
role of carotenoids. Still, the conditions determining the antioxidant and pro-oxidant
activity must be clarified to ensure the goal [113]. Whether a carotenoid shows pro-
oxidant or antioxidant properties depends mainly on the partial pressure of dioxygen
(pO,) and the carotenoid concentration [41]. When pO is high, a carotenoid radical is
generated (Care), reacting with O, releasing a carotenoid-peroxyl radical (Car-OOe). This
compound can exert pro-oxidant activity through the oxidation of unsaturated lipids [114].
In conclusion, carotenoids usually exhibit antioxidant activity in the presence of low pO,
whereas, antioxidant behavior is lost or becomes pro-oxidant when pO, is high [115].
Elevated concentrations of a carotenoid also give rise to pro-oxidant behavior [41]. When
the amount of oxidized anti-oxidant surpass certain levels, the pro-oxidant activity becomes
more plausible, leading to an increase in lipid peroxidation and modulating redox-sensitive
genes and transcription factors [116,117]. In addition, each type of tumor presents a
particular redox status which may influence how the carotenoid interacts with ROS [118].
However, pro-oxidant activity has proven to be helpful in the treatment of some tumor cells.

6. Breast Cancer and Carotenoids

Among the several lifestyle factors that might contribute to cancer development,
dietary habits are one of the key ones [119]. However, antioxidant compounds, such as
carotenoids, present naturally in food are promising chemopreventive agents [120,121]
and have chemotherapeutical properties [122,123]. Several epidemiological studies have
revealed how the intake of fruit and vegetables, and more specifically of the carotenoids ab-
sorbed from these foods, correlates to a reduced incidence of different types of
tumors [124-126]. Furthermore, carotenoids have been frequently reported to suppress the
onset and progression of cancer by different mechanisms [102]. In addition, they are capa-
ble of counteracting other forms of cellular stress by modulating signaling pathways [127].
Therefore, carotenoids alone or in combination with conventional anticancer drugs might
be a promising therapeutic strategy in the treatment of this pathology. Several chemother-
apeutic drugs, such as alkylating agents and platinum-based compounds, release free
radicals while exerting their cytotoxic activity [128]. Free radicals are partially responsible
for tissue and organ injuries, such as cardiotoxicity, nephrotoxicity, and DNA damage.
Although endogenous antioxidants contribute to restoring oxidative balance, these natural
pigments can also quench ROS activity. For this reason, carotenoids can alleviate the side ef-
fects of chemotherapy by protecting healthy tissues with their antioxidant activity [103,129].
The supplementation of carotenoids for cancer prevention is based on several mechanisms,
including a role in cell cycle progression, the Wnt/ 3-catenin signaling pathway, and the
modulation of inflammatory cytokines [130-132].

6.1. In Vitro and In Vivo Studies

Several carotenoids have shown antitumor activity in in vitro and in vivo assays.
Lycopene delayed insulin-like growth factor 1 (IGF-1)-induced cell cycle progressionand
apoptosis [133,134] in the MCF-7 breast cancer cell line. Lycopene and f3-carotene were
confirmed to induce cell cycle arrest and apoptosis in MCF-7, MDA-MB-231, and MDA-
MB-235 cell lines [135]. Although lycopene and (-carotene are classified into different
groups, they have many structural similarities that suggest that lycopene could activate
retinoid-like receptors. The activation of these nuclear receptors leads to the transcription
of several target genes, among which we would like to highlight RARB given that it is
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a tumor suppressor gene. It is worth mentioning that most breast cancer tumors and
breast cancer cell lines present low levels of RAR[ receptor expression, thus potentially
serving as a biomarker. Carotenes can work as precursors of (all-trans)-retinoic acid, which
acts as ligand for RAR. The mechanism of action of 3-carotene might be involved with
retinoic acid metabolism and the transcriptional activation of antiproliferative and pro-
apoptotic genes. Another signaling pathway involved in regulating the activity of breast
cancer stem cells is PI3K/Akt, since Akt downregulates glycogen synthetase kinase 3/
(GSK3p) by phosphorylation in the Ser9 residue, thus stabilizing 3-catenin. Wnt/ 3-catenin
signaling pathway plays a role in modulating stem cell self-renewal, differentiation, and
cell proliferation [136]. Crocin and crocetin can negatively impact the viability and the
ability of invasion of triple-negative breast cancer cells (4T1) through the Wnt/ -catenin
pathway [137]. B-carotene also inhibited the proliferation of MCE-7 cells by decreasing the
expression of the anti-apoptotic proteins Bcl-2 and PARP and the survival protein NF-kB.
It also downregulated Akt and ERK1/2, and, in consequence, there was a lower expression
of superoxide dismutase-2 [122].

Recent studies have reported how lutein can induce cell death in the MCF-7 cell line
while protecting normal mammary cells (SV40) from apoptosis induced by chemother-
apeutical drugs [123]. Another study confirmed the antineoplastic activity of lutein by
inducing apoptosis and cell-cycle arrest in MCF-7 and MDA-MB-468 cell lines. The selec-
tive effect on tumor cells seems to be due to the induction of ROS production, therefore,
due to its pro-oxidant activity [138]. Mammary tumor growth was inhibited by the intake
of lutein in female BALB/c mice [107]. An antiproliferative effect was also detected in
fucoxanthin treatment in MDA-MB-231 cells and xenograft model [139]. Another marine
carotenoid, astaxanthin, repressed cancer stem cell stemness genes and induced apoptosis
in the SKBR3 cell line, indicating that it might be helpful in the improvement of current
therapies [140,141]. In addition, lycopene, zeaxanthin, and capsanthin induced apoptosis
in MDA-MB-231 and seem to be involved in reversing multidrug resistance [142]. Aside
from those, lycophyll, luteoxanthin, and violaxanthin were also highly effective. How-
ever, lutein, antheraxanthin, and violaxanthin were moderately successful in reversing
multidrug resistance.

Metastasis and cell migration can also be inhibited by carotenoids [143]. The mi-
gration of MCF-7 and MDA-MB-231 cell lines was reduced after the treatment with
astaxanthin [144]. Lutein was also reported to modulate adherin, vimentin, and N-cadherin
levels, which are epithelial-mesenchymal transition (EMT) associated factors [145]. In
addition, it inhibited NOTCH signaling pathway which is related to cell invasion and
migration [146]. Furthermore, several apocarotenoids inhibited migration and EMT associ-
ated factors in BT-549 and MDA-MB-231 [147]. Therefore, carotenoids and apocarotenoids
could be helpful preventing metastasis in triple negative tumors. However, there is still
lack of evidence supporting this theory and much work remains to be completed.

Combination therapy of carotenoids with chemotherapeutic agents show a lot of
promise. Recently, doxorubicin was combined with 3-carotene and lutein to induce oxida-
tive stress-mediated apoptosis in MCF-7 and MDA-MB-231 breast cancer cell lines. The
pro-oxidant activity selectively affects tumor cells, sparing normal breast epithelial cells
(MCF10A) [148] (Figure 4). Co-treatment of astaxanthin with the Phase I anticancer drug
carbendazim showed a synergistic effect on the MCE-7 cell lines [149]. In combination with
hyperthermia, crocin successfully inhibited the growth of the MDA-MB-468 TNBC cell line,
whereas MCF-10A normal cells were not affected [150]. In addition, lutein and taxanes,
such as paclitaxel, demonstrated a synergistic effect on MCF-7 and MDA-MB-468 cell
lines [138]. Zeaxanthin and violaxanthin were capable of enhancing the antiproliferative
effect of epirubicin on MCF-7 cells resistant to anthracycline [151]
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Figure 4. Major differences in cancer and normal cells metabolism. Over a certain ROS threshold, antioxidants present a

pro-oxidant activity that leads to the apoptosis of malignant cells. Hence, its potential as chemotherapeutic agent. The

antioxidant activity acts as a chemopreventive under homeostatic levels of ROS in normal cells.

6.2. Breast Cancer Antitumor Activity of Carotenoids: Clinical Trials

Most clinical trials start from the premise that high levels of carotenoids in plasma, ob-
tained from carotenoid-rich foods, can prevent the development of breast cancer [152,153].
Table 1 includes all registered clinical trials which are studying the effect of carotenoids
on breast cancer patients. Recent studies have associated high levels of 3-carotene in
plasma with lower ER-breast cancer risk [154] and with reduced systemic inflammation
and cognitive improvements in breast cancer survivors [155]. It is worth highlighting the
results from the trial NCT00000611, which analyzed serum concentrations of carotenoids,
retinol and tocopherols in women to assess a possible association between these values and
postmenopausal breast cancer risk. They concluded that indeed, high levels of a-carotene
and -carotene were inversely associated with the risk of developing breast cancer [156],
which coincided with other similar studies [152]. Increased levels of carotenoids in plasma
were also associated with less oxidative stress in breast cancer survivors, but inflammatory
biomarkers were not affected [157]. A correlation between high levels of «-carotene and
reduced breast cancer risk was found [139,158], which was consistent with the results
obtained from the Nurse Health study [159] and the Women’s Health Initiative [156].

Similarly, plasma concentrations of 3-carotene and 3-cryptoxanthin were inversely
correlated with breast cancer risk [160]. In another study, plasma total carotenoid con-
centration was related to a diminished risk of breast cancer recurrence in patients with
an early-stage diagnosis [161]. However, not all clinical trials agree with these results.
Although an association between high levels of total plasma carotenoids and reduced
oxidative stress was reported in line with previous trials, these authors also concluded that
carotenoids were not able to protect against breast cancer relapse in postmenopausal breast
cancer survivors [162,163].

In general, most clinical trials related to carotenoids and breast cancer target the effect
of carotenoid-rich food intake on breast cancer survivors [164]. However, as previously
mentioned, lifestyle is critical in preventing and progressing breast cancers and the levels
of oxidative stress. In this matter, oxidative stress plays a significant role in cancer de-
velopment and is also deeply involved in depression, affecting how patients deal with
their pathology [165]. For this reason, a recent clinical trial is assessing the effect of music
therapy on different biomarkers of oxidative stress, including carotenoids (NCT04446624).
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In summary, there is still not enough evidence to validate the potential benefits of
carotenoids in preventing and treating breast cancer. Most clinical trials agree that a high
intake of carotenoids may prevent high-risk and aggressive breast cancer, but further
studies are required to draw a solid conclusion. Furthermore, no clinical trials assessing
the supplementation of carotenoids in breast cancer patients, and, therefore, there is a
complete lack of knowledge regarding this topic. Some studies in other types of cancer
have reported controversial results [166]. Still, the chemopreventive use of carotenoids
and the chemotherapeutical results in in vitro and in vivo studies encourage deepening

the potential of carotenoids as part of the treatment of breast cancer patients.

Table 1. Clinical trials involving carotenoids in breast cancer.

NCT Number Status ! Stage Aim Outcome Reference
intervention onbody | Reduced fat mass
NCT03625635 Unknown NA o Y while preserving [167]
composition, metabolism,
.. .. skeletal muscle mass
and antioxidant activity
Effect of diet and physical
NCT02067481 Completed Phase IT activity in breast cancer Unknown ur
survivors
Effect on higher fruit and High levels of plasma
NCT00000611 Completed Phase III vegetable intake on BC carotenoids associated [156]
patients with less BC risk
NCT02109068 Completed Phase ITI Effect of weight loss in BC Unknown UP
survivors
NCT02110641 ACth?,. no NA Effect of welght loss in BC Unknown [168]
recruiting survivors
Effect of fruit and vegetable
NCT04374747 Recruiting NA intake to reduce BC risk in Not measured [169]
lactating women
Effect of music therapy in
NCT04446624 Completed NA oxidative stress markers, Unknown UP
such as carotenoids
Impact of a Mediterranean Plasma carotenoids
NCT00120016 Completed NA P increase with fruit and [170]

diet on BC risk vegetable intake

1 Data obtained from ClinicalTrials.gov on 30th September 2021; BC: breast cancer NA: not applicable; UP: unpublished.

7. Rare Carotenoids from Halophilic Microorganisms: The Future of Biomedicine?
Bacterioruberin from Haloarchaea

Haloarchaea have been in the spotlight during the last years due to their ability to
synthesize compounds of high biotechnological interest, such as bioplastics, thermophilic
enzymes, and a particular type of carotenoid [12].

Haloarchaea synthesize mainly a rare Cs carotenoid called bacterioruberin (BR) and
its derivatives: bisanhydrobacterioruberin (BABR), monoanhydrobacterioruberin (MABR),
and 2-isopentenyl-3,4-dehydrorhodopin (IDR) [171-174]. Other derivatives have been de-
tected at lower concentrations, such as haloxanthin and 3,4-dehydromonoanhydrobacterior-
uberin; and depending on the haloarchaeal species, such as 3,4-epoxymonoanhydrobacteri-
oruberin, which has only been described in Haloferax volcanii carotenoid extracts [175].
Although (3-carotene, lycopene, and phytoene have also been identified in haloarchaeal
extracts, they are present at low concentrations [171,176]. BR, which is the most abundant,
presents an interesting chemical structure since its hydrocarbon chain is particularly long,
with 50 carbon units (Figure 5). Furthermore, it possesses 13 conjugated double bonds in
an all-trans conformation. This together with the 4 hydroxyl groups that arise from the

60



Mar. Drugs 2021, 19, 594

terminal ends, provide this carotenoid with a higher scavenging potential than their Cy4g
counterparts, lycopene, and [3-carotene.

OH

OH

Figure 5. Chemical structure of the haloarchaeal carotenoid bacterioruberin.

A recent study using Haloferax mediterranei describes how BR counteracts the oxidative
stress generated by high concentrations of the oxidant hydrogen peroxide. BR successfully
neutralized hydrogen peroxide, confirming that cells use this carotenoid to keep the
oxidative balance and that this compound is indeed very efficient against ROS [176]. This
distinct chemical structure has awakened the interest of many researchers during the last
years due to the potential biotechnological and biomedical applications that could have [12].
Unfortunately, there is still scarce information about its antiproliferative activity. However,
recent studies have reported that BR could selectively inhibit cell growth in cell lines
from different cancer types, including breast cancer (MCF-7) BR induced more substantial
caspase-mediated apoptosis than that of the chemotherapeutical agent, 5-fluorouracil
(5-FU) and showed a higher selectivity index than 5-FU. In addition, BR was a more potent
suppressor of matrix metalloprotease 9 (MMP-9) [177]. MMP-9 is one of the key proteases
involved in many cancer processes, such as angiogenesis, invasion, and metastasis [178].
However, the nature of the mechanism involved is not currently clear, and therefore, much
work remains to be completed. In addition, it is still unknown if it will also exert pro-
oxidant activity and under what conditions. However, the successful results obtained in
other biomedical areas, such as cryopreservation [179] and anti-viral activity [177] invite
us to explore what BR could offer to breast cancer prevention and treatment.

8. Controversy and Setbacks Observed

The fact that the same molecule can exhibit antioxidant and pro-oxidant activity has
been subject to controversy and has questioned the efficacy of these compounds in the
treatment of tumors [118]. Another debatable point is that no consensus in the doses should
be administered in clinical trials. Therefore, it is complicated to make comparisons and
draw conclusions. It is also worth mentioning that endogenous factors, such as the genetic
variability in antioxidant enzymes in each patient, may compromise the efficacy of these
compounds [180].

Breast cancer is a very heterogeneous malignant neoplasia [181] whose different
subtypes may differ in the levels of oxidative stress. The redox status of each subtype
should be characterized so that the use of antioxidants, such as carotenoids, in the treatment
of breast cancer can be refined. Each result contributes to a better understanding of the role
of carotenoids in breast cancer patients.

However, most studies concur that consuming a collection of carotenoids is a better
anticancer strategy than a high intake of one specific carotenoid. Nowadays, there is
particular controversy regarding using antioxidants due to the complexity in recognizing
their positive or negative effects on patient outcomes. In addition, most clinical trials have
focused on the supplementation of carotenoids to diminish adverse chemotherapy effects
or as chemopreventive compounds [154,164]. Although many in vitro and in vivo assays
focus on the antitumor effect of carotenoids, trials focused on carotenoids as an actual
treatment for breast cancer are nonexistent. Therefore, it is hard to confirm if carotenoids
could be helpful in the fight against this common pathology among women. One of the
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potential changes in the current approach on using carotenoids in clinical trials could
be intravenous administration instead of supplementation to reach a higher plasmatic
concentration. What is clear is that further research on this topic is required to make a
clear conclusion.

9. Conclusions

In closing, for many years, natural compounds have been useful in preventing many
diseases. Some of those, such as taxane, was part of the development of current chemother-
apeutical drugs [182]. To date, almost half of current anticancer drugs are derivatives
of natural compounds or their mimics [183]. Now it is time to evaluate if carotenoids
could rise from chemopreventive to chemotherapeutical agents. For this reason, preclinical
research should be encouraged to elucidate what is the exact role of carotenoids in the
onset and progression of breast cancer.

Moreover, the precise conditions under which a carotenoid shows antioxidant or pro-
oxidant activity must be determined. Combined therapy studies are also key to establish
any positive or negative interaction with current chemotherapy protocols. Finally, novel
carotenoids, such as bacterioruberin, need to be investigated to deepen their potential
value in treating malignant neoplasias.
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Abstract: Acute inflammation is a key component of the immune system’s response to pathogens,
toxic agents, or tissue injury, involving the stimulation of defense mechanisms aimed to removing
pathogenic factors and restoring tissue homeostasis. However, uncontrolled acute inflammatory
response may lead to chronic inflammation, which is involved in the development of many diseases,
including cancer. Nowadays, the need to find new potential therapeutic compounds has raised the
worldwide scientific interest to study the marine environment. Specifically, microalgae are considered
rich sources of bioactive molecules, such as carotenoids, which are natural isoprenoid pigments with
important beneficial effects for health due to their biological activities. Carotenoids are essential
nutrients for mammals, but they are unable to synthesize them; instead, a dietary intake of these
compounds is required. Carotenoids are classified as carotenes (hydrocarbon carotenoids), such
as «- and p-carotene, and xanthophylls (oxygenate derivatives) including zeaxanthin, astaxanthin,
fucoxanthin, lutein, x- and f-cryptoxanthin, and canthaxanthin. This review summarizes the present
up-to-date knowledge of the anti-inflammatory and anticancer activities of microalgal carotenoids
both in vitro and in vivo, as well as the latest status of human studies for their potential use in
prevention and treatment of inflammatory diseases and cancer.

Keywords: microalgae; carotenoids; inflammation; cancer; oxidative stress

1. Introduction

Microalgae are a vast group of prokaryotic and eukaryotic, mainly photoautotrophic,
microorganisms that can be found individually or forming colonies. Moreover, these
photosynthetic microorganisms make up the major group of living organisms in terms of
species diversity on Earth, having colonized every type of ecological niche in both marine
and terrestrial waters [1]. Currently, 50,000 species of microalgae have been described, but
the number of new species is increasing yearly, being estimated up to 800,000. In this regard,
although only a few of these aquatic microorganisms are able to grow in large-scale settings,
microalgae have become an economically promising feedstock for bulk chemicals [2,3].
Moreover, the emergence of biotechnology in the 1960s led to the development of new
laboratory and industrial methodologies to grow different species of microalgae. Since then,
the worldwide research trends in the microalgal field have increased. In the last 20 years, a
multitude of scientific publications have emerged around these aquatic microorganisms
since they are a tremendously important source of bioactive molecules, being more diverse
than those found in the terrestrial environment.

Firstly, microalga studies showed their potential to be considered by the biodiesel /bio-
ethanol industry due to their high lipid content [4,5], besides promoting an ecological and
socio-economic impact [6-8]. Although microalgae have been less studied than macroalgae,
their advantages are associated with simple requirements, rapid generation times, and
a higher capacity to modulate their metabolism in response to changing environmental
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conditions. Currently, microalgae remain attractive for the biodiesel industry but also for
other sectors such as food, pharmaceuticals, or cosmetics. In this regard, many important
drugs have traditionally been provided by terrestrial plants, fungi, and bacteria, but
microalgae have become a sustainable resource for these biocomponents. Indeed, there is a
current need to find new potential chemical structures for therapeutic use. Additionally,
microalgae have raised the worldwide scientific interest since their capacity to synthetize
new molecular structures according to seawater composition is widely known [9].

Many studies support microalgae as excellent sources of metabolites such as lipids,
carbohydrates, proteins, phenolic compounds, vitamins, and carotenoids, which play
physiological roles for themselves and their environment, with real applications in pharma-
ceutical and nutraceutical industries [10-12]. In this regard, only a few of these compounds,
such as n-3 polyunsaturated fatty acids (PUFAs), phycobilins (phycoerythrin and phyco-
cyanin), and carotenoids, including f3-carotene, astaxanthin (ATX), zeaxanthin (ZX), and
lutein (LUT), have been produced at an industrial scale. However, their low production
yield in native microalgae and the difficulty in isolating by economically feasible means
may be considered a production problem [2]. Nowadays, biotechnology considers microal-
gae as producers for a wide range of novel high-value products that have good market
opportunities. However, the main challenges to obtain potential microalgal components
are the high cost of operation, infrastructure and maintenance, selection of strains, de-
watering, and commercial-scale harvesting. The manufacture and commercialization of
microalgal products depend on market and financial affairs, among others. Furthermore,
the study of their actual potential is limited by the lack of reliable statistical data of the
microalga market. For this reason, the current scientific efforts are focused on basic tech-
nologies controlling several abiotic conditions to produce microalgal biomass, including
different production methods such as open water, greenhouse ponds, and closed photo-
bioreactors. Additionally, chemicals or certain culture conditions such as ultrasonic use
by sonication [13-15] and genomic technologies [16] are currently being used in microalga
cultivation to obtain high-value-added products [17]. These conditions are aimed in many
cases at the food sector as nutritional supplements for vegetarian type diets but also as
nutraceuticals. Hence, long-term research is needed to develop systems to create sustain-
able microalga-based products, since sustainability is a key concern, especially in today’s
industrial environment. In this way, a multitude of recent international patent licenses [18]
are focused on the optimization of microalga growth conditions as well as the system-level
optimal yield to produce different bioproducts such as lipids for fuel, proteins for animal
feed, or recombinant proteins for purposes of basic research, as well as biotechnological or
dermatological /cosmeceutical use [19-23].

Carotenoids, which are one of the most abundant components in microalgae, have
shown significant therapeutic potential due to their biological activities. In this context, the
advances in biotechnology of microalgae have led to development of methods to increase
their production. For example, the outdoor cultivation of Muriellopsis sp. (Chlorophyta)
has been developed in order to produce high LUT and low metal content, to provide a
product with antioxidant properties that may be used for animal feed and human consump-
tion as a dietetic ingredient [24]. More recently, a method was carried out to efficiently
extract eicosapaentanoic acid (EPA) and fucoxanthin (FX) from the microalga Phaeodacty-
lum tricornutum (Bacillariophyta) [25]. Furthermore, in the last few years, a multitude of
studies have shown the industry and academic interest in the potential of carotenoids
from microalgae in different industrial sectors. In this regard, a variety of patents and
scientific publications in which microalgae, or part of them, are used as functional food or
nutraceuticals providing therapeutical potential have been developed. Recently, a patent
has been licensed for a microalga-derived carotenoid mixture, which contains diatoxan-
thin from the microalga Euglena (Euglenozoa) as the main component, besides ZX and
alloxanthin. This diatoxanthin-rich product prevents diabetes by suppressing the incre-
ment in blood glucose through ingestion along with a high-glycemic index food [26]. In
addition, Chlorella sorokiniana (Chlorophyta), a microalga rich in glutathione, a-tocopherol,
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and carotenoids, was reported to have beneficial effects in counteracting oxidative stress
preserving mitochondrial liver function in an experimental model of hyperthyroidism
in rats [27]. Additionally, anti-inflammatory, antioxidant, and anticancer properties of
microalgal carotenoids have been widely demonstrated in different experimental models,
but to date there are only a few studies in humans.

The present review summarizes the major findings on microalgal carotenoids with
a potential role in inflammation, oxidative stress, and cancer since carotenoids are one
of the most abundant compounds in microalgae and they can represent an important
commercial outlet.

2. Microalgal Carotenoids

Carotenoids are tetraterpenes obtained from dimerization of geranylgeranyl pyrophos-
phate in photosynthetic organisms such as plants, including macro- and microalgae, bacte-
ria, some fungi, or some invertebrates [28]. They make up the most abundant lipid-soluble
pigments in nature, being responsible for the white, yellow, orange, or red range of colors.
There are two types of carotenoids: carotenes, which are hydrocarbon carotenoids such
as «- and f3-carotene, and xanthophylls, which are oxygenate derivatives, including ZX,
ATX, FX, LUT, a- and B-cryptoxanthin (BCX), and canthaxanthin (CX). Carotenoids are
essential nutrients for mammals, since they are unable to synthesize them. For this reason,
a dietary intake of these compounds is required. The major dietary sources of carotenoids
are fruits and vegetables, legumes, cereals, egg yolk, and mammals’ milk, as well as micro-
and macroalgae [29].

Currently, lycopene, 3-carotene, CX, ZX, ATX, and LUT are the main carotenoids
produced on a large scale for food products, animal feeds, cosmetics, and pharmaceutical
sectors. Their increasing commercial applications have led to a growing market demand
of these bioactives. Thus, microalgae have emerged as a rich biosustainable source of
carotenoids, with Arthrospira (formerly Spirulina) (Cyanobacteria), Chlorella, Dunaliella, and
Huaematococcus (Chlorophyta) being the most common producers of 3-carotene, LUT, ATX,
FX, ZX, and violaxanthin, among others [30].

2.1. B-Carotene

f3,B-carotene, or more commonly named (-carotene (Figure 1A), is the most well-
known carotenoid found in many fruits and vegetables [29]. This tetraterpenoid is a
vitamin A precursor when consumed and digested. Currently, 3-carotene is used as a
natural colorant and antioxidant in the food industry [31]. The main microalgal source of (3-
carotene for the market is Dunaliella salina (Chlorophyta), which is able to accumulate up to
8% of dry weight [32]. In addition, the microalgae Arthrospira platensis (formerly Spirulina
platensis) (Cyanobacteria) [33], Chlamydomonas reinhardtii (Chlorophyta) [34], Isochrysis
galbana (Haptophyta), Phaeodactylum tricornutum (Bacillariophyta), and Tetraselmis suecica
(Chlorophyta) have also shown high levels of this carotenoid in large-scale systems [35].

2.2. Lutein

3R,3'R,6'R-Be-carotene-3,3'-diol or LUT (Figure 1B) is a natural carotenoid synthetized
in plants as well as algae. It is an orange-yellow xanthophyll widely used as a feed additive
and a food coloration agent in industry [36]. Despite being present in a multitude of
vegetables and fruits, its low content has led to the search for new sources of this carotenoid
such as in microalgae [37]. In this regard, LUT is accumulated on a large scale in several
species of Chlorella such as C. sorokiniana, Chromochloris zoofingiensis (formerly Chlorella
zoofingiensis), and Auxenochlorella prothecoides (formerly Chlorella protothecoides) [38], as
well as in Dunaliella salina [39], the strain Chlamydomonas sp. JSC4 [40], and Tetraselmis
suecica [41].
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Figure 1. Chemical structures of the main functional carotenoids found in microalgae. Carotenes: 3-Carotene (A) and
xanthophylls: Lutein (B), Zeaxanthin (C), Astaxanthin (D), Fucoxanthin (E), Violaxanthin (F), 3-Cryptoxanthin (G) and

Canthaxanthin (H).

2.3. Zeaxanthin

B,B-carotene-3,3'-diol or ZX (Figure 1C) is a yellow-orange xanthophyll found mainly
in dark green leafy vegetables and egg yolks. It has been reported that, like LUT, ZX is
accumulated in the central retina and has photoprotective effects against damage by intense
light. Regarding microalgae, this xanthophyll has been obtained from the cyanobacteria
Synechocystis sp. and Microcystis aeruginosa [42], as well as the microalgae Nannochlorop-
sis oculata (Ochrophyta, Eustigmatophyceae) [43], Chloroidium saccharophilum (formerly
Chlorella saccharophila) [44], and Dunaliella sp. [45], and red algae such as Porphyridium
purpureum (formerly Porphyridium cruentum) (Rhodophyta) [35], Phaeodactylum tricornutum
(Bacillariophyta) [46], or Heterosigma akashiwo (Ochrophyta, Raphidophyceae) [47].

2.4. Astaxanthin

3,3'-dihydroxy-B,’-carotene-4,4’-dione or ATX (Figure 1D) is a xantophyll mainly
found in microalgae, marine invertebrates, some fishes like salmon and trout, and even in
the feathers of some birds, contributing to their red-orange pigmentation [48]. However,
the main source of AXT is Haematococcus lacustris (formerly Haematococcus pluvialis) (Chloro-
phyta), whose content may represent up to 3% of dry weight [49], but this xantophyll
can also be found in other microalgae such a Chromochloris zofingiensis [50], Chlorococ-
cum sp. [51], Dunaliella salina, Tetraselmis suecica [41], Scenedesmus quadricauda PUMCC
4.1.40. (Chlorophyta) [52], and Asterarcys quadricellulare PUMCC 5.1.1 (Chlorophyta) [53].

2.5. Fucoxanthin
(3S,3'S,5R,5'R,6S,6'R,8'R)-3,5'-dihydroxy-8-oxo0-6',7'-didehydro-5,5,6,6',7,8-hexahydro-
5,6-epoxy-B,p-caroten-3/-yl acetate, also named FX (Figure 1E), is an orange-colored xan-
thophyll mainly found in marine environments. This carotenoid is present in a variety of
macroalgae, but also in a multitude of species of microalgae such as Isochrysis sp. (Hap-
tophyta), Odontella aurita [54,55], Nitzschia laevis (formerly Nitzschia amabilis) [56], and
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Chaetoceros neogracili (formerly Chaetoceros gracilis) (Bacillariophyta), the coccolithophore
Pleurochrysis carterae (Haptophyta, Coccolithophyceae) [57], Phaeodactylum tricornutum
(Bacillariophyta) [46], and the microalga strain Pavlova sp. OPMS 30543 (Haprophyta) [58].

2.6. Violaxanthin

56,5 ,6'-diepoxy-5,6,5' ,6'-tetrahydro-B, 3-carotene-3,3'-diol, also called violaxanthin
(Figure 1F), is a natural orange xanthophyll, which may enzymatically be transformed into
ZX when the light energy absorbed by plants exceeds the photosynthesis capacity [59]. It is
a pigment found in different plants as well as macro- and microalgae such as Nannochloropsis
oceanica (Ochrophyta, Eustigmatophyceae) [60], Jaagichlorella luteoviridis (formerly Chlorella
luteoviridis) [61], the strain Tetraselmis striata CTP4 (Chlorophyta) [62], and Eustigmatophyte
strains such as Chlorobotrys gloeothece, Chlorobotrys regularis, and Munda aquilonaris (formerly
Characiopsis aquilonaris) [63].

2.7. B-Cryptoxanthin

(IR)-3,5,5-trimethyl-4-[(1E,3E,5E,7E,9E,11E,13E,15E,17E)-3,7,12,16-tetramethyl-18-(2,
6,6-trimethylcyclohexen-1-yl)octadeca-1,3,5,7,9,11,13,15,17-nonaenyl]cyclohex-3-en-1-ol, also
called BCX (Figure 1G), is a natural orange xanthophyll mainly found in fruits of plants,
including in orange rind, papaya, or apples, besides egg yolk and butter. This carotenoid
is also found, but in a lower concentration than other carotenoids, in different species
of microalgae such as Phaeodactylum tricornutum (Bacillariophyta) [64], Auxenochlorella
pyrenoidosa (formerly Chlorella pyrenoidosa) (Chlorophyta) [65], and Porphyridium purpureum
(Rhodophyta) [66,67].

2.8. Canthaxanthin

(3,3-carotene-4,4’-dione or CX (Figure 1H) is a red-orange xanthophyl widely used as
a cosmetic and food colorant as well as in poultry as a feed additive. This carotenoid was
firstly isolated from the edible mushroom Cantharellus cinnabarinus. Moreover, this pigment
is present in bacteria, algae, crustacea, some fungi, and various species of fish including
carp and golden mullet [68]. Regarding microalgae, this xanthophyll has been found in
Haematococcus lacustris [69], Chromochloris zoofingiensis [70], Chlorococcum sp. [51], Dunaliella
salina [71], Chlorella vulgaris (Chlorophyta) [72], Scenedesmus quadricauda PUMCC 4.1.40. [52],
Asterarcys quadricellulare PUMCC 5.1.1 [53], Picochlorum sp. SBL2. [73], and Dactylococcus
dissociatus MT1 (Chlorophyta) [74].

3. Inflammation and Cancer

Acute inflammation is a key component of the response of the immune system to
injury and infection that involves the stimulation of defense systems against foreign com-
ponents and organisms, and the healing and/or repair of damaged tissue. This process
is recognized by some cardinal signs, including heat, redness, pain, or swelling. It is
characterized by the activation of immune cells, synthesis of proinflammatory mediators,
is usually localized and self-limited, and normally returns to homeostasis [75]. Acute
inflammation requires suppression of proinflammatory mediators and induction of anti-
inflammatory /proresolution mediators as well as the disappearance of leukocytes from
the damage area, and the restoration of tissue functionality [76]. However, if the acute
inflammatory process is excessive and is not resolved, it may lead to tissue damage, re-
sulting in chronic inflammation, and ultimately fibrosis, with loss of tissue functionality.
Consequently, the failure of the resolution of inflammation is strongly associated with the
development of many chronic disease states of complex evolution: arthritis, neurodegener-
ative diseases, metabolic syndrome and associated pathologies, allergy, and periodontal
diseases, as well as tumoral processes, among others [77-79]. It has been reported that
an adequate diet, a healthy lifestyle, or the establishment of certain preventive strategies,
including drugs, nutraceuticals, or components of functional foods, may contribute to the
control of inflammatory processes. This section summarizes the main mediators and cells
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involved in acute and chronic inflammatory responses, as well as describes the link between
inflammation and cancer and the main molecular pathways implicated in these processes.

The defense systems of the body are mediated by sequential and coordinated responses
called innate and adaptive immunity. The innate immune system is the first line of defense
against microbes; it is mediated by cellular elements, including macrophages, neutrophils,
dendritic cells, natural cytolytic lymphocytes, or mast cells, as well as by biochemical mech-
anisms involving agglutinins, the complement system, and many types of lectins, which
circulate and provide rapid responses [80]. Macrophages play a pivotal role in all phases of
inflammation: in the initiation, help to neutralize and remove pathogens and damaged cells
through phagocytosis, and later lead to the termination of inflammation by tissue repair
and remodeling responses [81]. Based on responses to different in vitro stimuli appears
the macrophage polarization concept of M1/M2 differentiation [82]. M1 macrophages are
induced by proinflammatory factors, such as lipopolysaccharide (LPS), cytokines through
granulocyte-macrophage colony-stimulating factor, and tumor necrosis factor-« (TNF-w),
among others. Later, interleukins (IL), such as IL-13 and IL-6, reactive oxygen species
(ROS), and nitric oxide (NO) are released, acting as inducers of a polarized Th1 response.
M2 macrophages present a characteristic phagocytic ability of scavenging molecules, as
well as produce suppressive mediators, including mannose or galactose receptors and
polyamines [83]; they are activated by exposure to Th2-related cytokines (IL-13, IL-4),
or anti-inflammatory mediators, including IL-10 and transforming growth factor beta
(TGF-B). Accumulating data indicate that M2 macrophages play an important role in
microorganism clearance, tissue repair, and inflammation resolution. Nevertheless, some
evidence has also shown that M2 macrophages may enhance tumor growth depending on
the microenvironmental conditions of this cell population [84].

Adaptative immunity is a response that increases in magnitude and capabilities with
each successive exposure to an antigenic stimulus; it is mediated by lymphocytes T and B
(cellular immunity and humoral immunity, respectively) and their products. Several types
of T cells are detected in the blood, at different stages: effector T lymphocytes can differ-
entiate into T helper (Th) and cytotoxic effector lymphocytes (Tc), which act against cells
infected by cytoplasmic intracellular pathogens. Th lymphocytes are differentiated into Thi,
which are involved in the elimination of intracellular pathogens (viruses) or phagocytable
extracellular organisms (bacteria and fungi), and into Th2, which characteristically act
against helminths. In addition, Th cells can differentiate into Th17, T follicular helper cells
(Tth), and T regulatory (Treg) lymphocytes, which exert their activity against commensal
bacteria. Regarding B lymphocytes, unmatured cells migrate from bone marrow to spleen
and are transformed into B T1 and B T2 lymphocytes; B T2 could be transformed into
follicular B cells depending on the signals received through their receptors. In any case, B
lymphocytes are T cell-dependent antigen-presenting cells [85].

From a different point of view but complementary to the previous classification, the
activation of immune cells regulates two basic effector systems aimed to eliminate potential
offending agents: phagocytosis (cellular response) and cytotoxicity [86,87]. Phagocytosis
is an effective mechanism of elimination of infectious agents. Although most immune
cells are capable of phagocytosis, the most characteristic phagocytes are macrophages
and polymorphonuclear neutrophils, which provide a powerful oxidative system and a
wide variety of proteolytic enzymes to degrade the phagocytosed material. On the other
hand, cytotoxicity is cell-mediated toxicity, and an alternative defense mechanism when
phagocytosis cannot resolve the problem: tumor cells, response to viruses, infections by
intracellular or large pathogens. These functions are performed by different cell types:
(1) eosinophilic and basophilic polymorphonuclear cells that actively participate in the
defense against helminths and protozoa by using a receptor for immunoglobulin IgE,
which recognizes the pathogen. These cells produce substances with high cytotoxic activity
(neurotoxin, cationic protein, or histamine) capable of blocking or killing microorganisms
much larger than them. Mast cells also perform this function, as well as participate in the
activation of the inflammatory reaction and in allergic processes [88]. (2) Natural cyto-
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toxic cells (NK) that are especially active against tumor cells and cells infected by viruses.
These cells are of lymphoid lineage, but do not possess a variable antigen receptor like
lymphocytes. They recognize their targets through non-polymorphic receptors, or by using
receptors for immunoglobulin-Fc fragment, a process known as antibody-dependent cell
cytotoxicity. NK cells kill their targets by activating apoptosis programs [89]. (3) -CD8+, or
cytotoxic lymphocytes (T-CTL): when a T-CTL lymphocyte recognizes an antigen-major
histocompatibility complex (Ag-MHC), it kills the cell that presents it in a similar way
to the NK cell, secreting cytotoxic factors (perforins and granzymes), or interacting with
membrane proteins of the target cell. Regarding CD8+ cells, they attack virus-infected cells,
where they activate pathways of apoptosis (TNFR1 or Fas, among others). (4) T-CD4 +
or Th lymphocytes: although their cytotoxic capacity is much lower than that of T-CTL,
and their main function is the activation of other cell types of the immunity response, Th
lymphocytes can kill other cells by secreting granzymes or by expressing proapoptotic lig-
ands, including Fas-L or TNF-related apoptosis-inducing ligand, which activate apoptosis
programs. (5) Finally, the complement system, which is particularly capable of opsonizing
particles to be removed by phagocytes but can also damage membranes and cause cell
necrosis [86].

As mentioned above, after the active phase of inflammation, coordinated resolution
responses are initiated to prevent chronic inflammation establishment and restore home-
ostasis [76]. During the initial phase of the acute inflammatory response, the well-known
proinflammatory mediators comprising prostaglandins (PGs) and leukotrienes are synthe-
sized from arachidonic acid (ARA) by cyclooxygenases (COXs) and lipoxygenases. Later,
in the resolution phase of inflammation, another pathway involving ARA metaboliza-
tion, via cytochrome P450, is initiated, leading to the production of epoxyeicosatrienoic
acids (EETs). These partially oxidized lipidic compounds, oxylipins, may participate
in the activation of anti-inflammatory processes and the clearance of cellular debris as
well as inhibit numerous proinflammatory cytokines [90]. Additionally, EET, and other
epoxy fatty acids, stimulate the production of specialized proresolving mediators (SPMs),
such as lipoxins, by shifting ARA metabolism, to support inflammation resolution [91].
In addition to omega-6 arachidonic acid-derived lipoxins, n-3 PUFA-derived SPMs are
synthesized from EPA and docosahexaenoic acid and encompass resolvins, protectins,
and maresins [76,92]. These lipid autacoids are involved in down-regulation of proin-
flammatory cytokines/chemokines, inhibition of neutrophil infiltration, and induction of
macrophage phagocytosis [93]. Dietary sources of PUFA include fish and algae, and more
recently, microalgae [94].

It has been reported that chronic non-resolving inflammation increases the risk of
developing cancer. Epidemiological data have evidenced that more than 20% of detected tu-
mors have in their origin, or in their evolution, an important inflammatory component [95].
Inflammation-associated cancer is a long-term process that requires the transformation
of normal cells to tumor cells through premalignant lesions. In the inflammation-cancer
connection, extrinsic and intrinsic pathways are involved; the extrinsic pathway comprises
microbial infections, such as Helicobacter pylori and its relationship with gastric cancer,
tobacco and lung cancer development, or ultraviolet exposure and its association with skin
tumors. Intrinsic factors include mutations in oncogenes and suppressor/repair genes and
epigenetic defects, as well as modifications in the immune system [28,96].

Nevertheless, it has also been described that in a previously detected tumor, not
linked to a previous inflammatory process, inflammation is present in the surrounding area
of the tumor, promoting cancer progression to achieve the malignant phenotype, tissue
remodeling, metastasis, and angiogenesis, or the suppression of immune response [97].
Regarding microenvironmental components, it has been reported that macrophages are
the most abundant cells in tumor environments and their function in cancer is contradic-
tory. In some types of cancer, these cells have a crucial role in cancer progression and
evasion of immune response, which has been correlated to poor prognosis. However, in
some gastrointestinal cancers, a large number of macrophages has been related to good
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prognosis [98]. These findings may be explained by the presence of different macrophage
populations in tumor tissues and suggest that macrophage assessment could be used as an
innovative prognostic marker.

Given the tumor-promoting effects of macrophages, the development of compounds
to target these cells may be a promising strategy for cancer treatment. In this line, dif-
ferent approaches are being considered to inhibit their recruitment, such as inhibition
of chemoattractants (C-C chemokine receptor type 2/CCL2 signaling) [99], reduction in
macrophages number with bisphosphonates, and inhibition of differentiation and survival
(colony stimulating factor 1 (CSF-1)/CSF-1R axis) [100]. However, these types of strategies
that focus on general selection have shown limited clinical success [101]. Interestingly, new
approaches are being directed to reprogramming macrophages towards an anticancer phe-
notype. In this line, it has been reported that CD40 agonist antibodies activate antitumor
macrophages [102] and other antibodies inhibit the CD47 surface molecule in tumor cells,
leading to macrophage-mediated tumor cell phagocytosis [103]. Ongoing studies will let
to know the diversity of macrophages in cancer tissues and their clinical interest for cancer
prognostic and treatment.

From a molecular and intracellular point of view, during the inflammatory process, a
coordinated activation of several signaling pathways is triggered, including phosphatidyli-
nositol 3-kinase/protein kinase B (PI3K/Akt), mitogen-activated protein kinase (MAPK),
Janus kinase/signal transduction and activator of transcription (JAK/STAT), or the key
transcriptional element nuclear factor-kappa B (NF-«B) that interacts with different nuclear
or cytoplasmic elements, including PPAR-y, which is capable of inhibiting NF-«kB activation
and the consequent production of numerous cytokines [104-106]. The activation through
the innate immune system occurs by pattern recognition receptors (PRRs) and NOD-like
receptors (NLRs). Some of these receptors are associated with a multiprotein complex,
called the inflammasome, with NOD-LRR and pyrin domain-containing 3 (NLRP3) being
the best characterized and involved in the activation of caspase-1 and proteolytic matu-
ration of IL-1f3 and IL-18 [107]. It has been reported that ROS, produced primarily at the
mitochondrial level, are involved in NLRP3 activation [108,109]. Furthermore, exposure
to ROS can also activate nuclear factor erythroid 2-related factor 2 (Nrf2), which migrates
into the nucleus and induces the expression of genes with antioxidant response element-
like sequences in their promoter, such as heme oxygenase-1 (HO-1), peroxiredoxins, and
glutamate-cysteine ligase [110,111]. Nrf2 protects normal cells against ROS-induced DNA
damage as well as malignant cells against chemotherapy [112]. Nrf2 also stimulates sev-
eral oncogenes unconnected to antioxidant activity, including matrix metalloproteinase-9
(MMP-9), TNF-o, and vascular endothelial growth factor A (VEGF-A) [113]. Addition-
ally, the aryl hydrocarbon receptor (AHR) is a ubiquitously expressed ligand-activated
transcription factor with remarkable physiological roles; it is a key component that can
integrate infective or environmental signals into innate and adaptive responses. AHR
activity seems to regulate barrier organs, such as the skin, lung, or gut. The liver is exposed
to gut-derived alimentary or microbial AHR ligands and, additionally, generates AHR
ligands, including metabolic enzymes, such as cytochrome P450, which produces toxic
metabolites and increases ROS production [114]. In contrast, AHR ligands from intestinal
microbiota are involved in the maintenance of epithelial integrity as well as the generation
of the anti-inflammatory IL-22 [115].

On the other hand, necroptosis has been described as programmed necrotic cell death
induced by cytokines, Toll-like receptors (TLR), or ROS. After a necroptotic stimulus, the
receptor-interacting protein kinase 1 (RIP1)/RIP3 complex phosphorylates and activates
the mixed lineage kinase domain-like protein (MLKL), which oligomerizes and translocates
to the plasma membrane, forming pores and leading to cell lysis [116]. Additionally, it
is interesting to highlight the sirtuin (SIRT) family in the inflammation context. Many
of them are histone deacetylases involved in cellular pathways related to the structure
and function of tissues, and with capacity to control processes, including inflammation
or cancer. Between them, the SIRT1 isoform has a special role in ROS-induced cell death,
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and SIRT6 has an interesting function in cancer and autophagy. Moreover, SIRT3 shows
a potential therapeutic role in different pathologies, including cardiovascular diseases,
where a SIRT3 deficiency has been associated with necroptosis, and NLRP3 activation in a
diabetic cardiomyopathy [117].

Regarding the role of ROS in the inflammatory response, it has been reported that min-
imal ROS concentrations may be essential in many intracellular signal processes connected
with cell proliferation, apoptosis, or defense against microorganisms. However, high doses
or inadequate removal of ROS generate oxidative stress, which cause macromolecular
damage and metabolic dysfunctions [118]. Lipid peroxidation is a serious consequence
of oxidative stress since the derived products, epoxides, can interact with nucleophilic
structures of the cell or with nucleic acids and cause structural damage and mutations.
Consequently, an adequate equilibrium between antioxidants and oxidants to maintain
cellular homeostasis is necessary [119]. In aerobic organisms, there are a variety of an-
tioxidant, enzymatic, and non-enzymatic systems with protective properties; enzymes
include glutathione peroxidase, superoxide dismutase (SOD), and catalase, which are
present in various cell sites, such as the cytosol, endoplasmic reticulum, peroxisomes, and
mitochondria. This latter organelle is able to generate almost 90% of ROS, mainly through
coenzyme Q [120]. In addition, there are substances capable of neutralizing ROS, such
as alpha-tocopherol (vitamin E), ascorbic acid (vitamin C), vitamin A, glutathione (GSH),
flavonoids, phenolic acids, and carotenes.

As regards cancer, it is known that malignant cells can maintain elevated intracellular
ROS levels due to different causes, including mitochondrial damage, rapid metabolism,
lipid peroxidation, or metal ion formation, such as copper and iron, as well as reduction
in endogenous antioxidants [121]. In cancer cells, the role of ROS is controversial since
they have been shown to have both pro- and antitumorigenic functions, depending on the
concentrations. In this line, moderate ROS levels can induce cell survival, angiogenesis,
and metastasis through activation of the MAPK pathway, which in turn stimulates NF-xB
and the subsequent up-regulation of MMPs and VEGF [118]. Nevertheless, regarding its
antitumorigenic role, high intracellular ROS levels can induce apoptosis of cancer cells by
activation of the proapoptotic proteins Bax, p21, and p27, among others, and a decrease
in the antiapoptotic Bcl-2 and Bcl-xL [121]. Therefore, these proapoptotic properties of
ROS can serve as a crucial therapeutic strategy to destroy tumor cells. In this line, it is
interesting to highlight the role of carotenoids in cancer since these compounds can serve
as pro-oxidants in cancerous cells, leading to ROS-induced apoptosis. Furthermore, when
they are administered with ROS-stimulating cytotoxic drugs, carotenoids can decrease the
dangerous effects of these drugs on normal cells by their antioxidant properties, as well as
increase cytotoxicity of drugs towards cancer cells by a pro-oxidant mechanism. Therefore,
this synergistic effect of carotenoids with anticancer drugs may be an innovative strategy
for cancer treatment [121,122]. Figure 2 shows a diagram of the main targets and signaling
pathways in which microalgal carotenoids have shown a direct or indirect ability to modify
different signaling pathways.
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Figure 2. Carotenoids’ interaction on major signaling pathways implicated in inflammation or cancer. The figure shows

the bioactivity of the carotenoids for different type of cells. Red arrows show the effect of the presence of ROS on several
activities in the cell; dashed orange arrow refers to the detoxification pathway that is triggered when ROS are produced;
pink arrows show the interconnections of different mediators; orange arrows refer to the bioactivities produced by the

different microalgal carotenoids.

4. Anti-Inflammatory Activity of Carotenoids

Sections 4 and 5 summarize the recent up-to-date studies (since 2010 up to June 2021)
reporting the anti-inflammatory and anticancer activities of microalgal carotenoids both
in vitro and in vivo, as well as the latest status of human studies for their potential use in
the prevention and treatment of different inflammatory diseases and cancer. In addition,
the molecular mechanisms underlying these effects are described. The most relevant
anti-inflammatory and anticancer activities of carotenoids, as well as the main microalgal
sources, are summarized in Table 1.

4.1. B-Carotene
4.1.1. In Vitro Studies

Different preclinical in vitro studies have evidenced that (3-carotene can prevent and
reduce diabetes, which is a chronic low-grade inflammatory disease associated with com-
mon complications. In this respect, this compound was evaluated in human endothelial
cells isolated from umbilical cord veins (HUVECSs) of women suffering from gestational
diabetes. The results evidenced that (3-carotene prevented vascular inflammation and
reduced the nitro-oxidative state induced by TNF-« in HUVECs. These effects were re-
lated to an attenuation of vascular cell adhesion molecule 1 and intercellular adhesion
molecule 1 (ICAM-1) expression, reduction in NF-«B activation, and suppression of perox-
ynitrite levels. These findings suggest that a carotenoid-rich diet could play an important
role in the prevention of cardiovascular complications of diabetes [123]. Similar findings
were obtained in TNF-a-stimulated HUVECs of healthy women after treatment with
[-carotene [124]. It has been reported that oxidative stress produced in adipose tissue
results in dysregulated production of proinflammatory adipokines by adipocytes, which
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is related to the pathogenesis of diabetes and obesity. 3-Carotene attenuated oxidative
stress-induced inflammation via a decrease in the adipokines monocyte chemoattractant
protein-1 (MCP-1) and RANTES and an increase in adiponectin in 3T3-L1 adipocytes. The
mechanisms underlying these effects were linked to the inhibition of the activation of
NF-«B, activator protein-1 (AP-1), and signal transducer and activator of transcription
3 (STAT3) transcription factors [125]. In the same line, the cardioprotective role of a low
dose of -carotene in the prevention of ROS-induced atherosclerosis has been reported in
cardiomyoblasts through up-regulation of Nrf2, activation of autophagy, and inhibition of
NF-«kB and apoptosis [126].

In addition, it has been demonstrated that 3-carotene suppressed NLRP3 inflamma-
some activation in mouse bone marrow macrophages [127] as well as inhibited JAK2/STAT3
and c-Jun N-terminal kinase (JNK)/p38 MAPK signaling pathways in LPS-stimulated
macrophages [128]. Similarly, this compound suppressed the pseudorabies virus-induced
inflammatory response, which mimics human herpes simplex virus inflammation, in RAW
264.7 macrophages, via reductions in NF-kB and MAPK activation [129].

4.1.2. In Vivo Studies

A number of in vivo models have evidenced the anti-inflammatory effects of f3-
carotene. Regarding gastrointestinal disorders, oral treatment with this carotenoid at the
doses of 5, 10, and 20 mg/kg for 28 days suppressed dextran sodium sulfate (DSS)-induced
experimental colitis in mice. Its anti-inflammatory actions were related to a decrease in the
transcription factors NF-«B and STAT3 and the subsequent release of IL-17, IL-6, TNF-«,
and COX-2. Moreover, 3-carotene exerted an antioxidant activity through an increase
in Nrf2 and NADPH:quinone oxidoreductase-1 in the colon tissue [130]. Likewise, the
attenuations of NF-«B and STAT3 pathways as well as autophagy inhibition were reported
after oral administration of this carotenoid (50mg/kg) in a rat model of LPS-induced
intestinal inflammation [131]. In addition, it has been reported that intake of 3-carotene
(40 and 80 mg/kg) for two weeks inhibited NF-kB pathway activation in a model of
weaning-induced intestinal inflammation. The authors proposed a new anti-inflammatory
mechanism for this carotenoid involving the modulation of microbiota imbalance as a
consequence of weaning in piglets [132]. Regarding liver diseases, (3-carotene exhibited a
hepatoprotective effect in chemically induced hepatic fibrosis by down-regulating NF-«B
and its target gene inducible nitric oxide synthase (iINOS) [133]. In the same line, this
carotenoid, administered at a dose of 70 mg/kg every other day or combined with rosuvas-
tatin, attenuated hepatic steatosis and the inflammatory response as well as enhanced the
lipid profile in a model of non-alcoholic fatty liver induced by a high-fat diet in rats [134].

In relation to cardiovascular disorders, the role of a powder of the microalga Dunaliella
bardawil, containing 6% (3-carotene isomers, was examined in a model of atherosclerosis
in apolipoprotein E (apo E)-deficient mice, and fed with a vitamin A-deficient diet. These
findings evidenced the formation of atheromas due to lack of vitamin A; nevertheless,
[-carotene supplementation decreased levels of plasma cholesterol and prevented atheroge-
nesis [135]. Apo E-/-mice were also used for investigating the actions of dietary 3-carotene
(800 mg/kg of feed, for 150 days) on angiotensin II-induced chronic renal damage. The
results reported a protective effect of this carotenoid by down-regulating the expression
of proinflammatory genes related to kidney diseases, including renin 1 and peroxisome
proliferator-activated receptor gamma (PPAR-y) [136].

The beneficial role of 3-carotene against skin inflammation has been demonstrated
in different animal models. Oral administration of this carotenoid at 0.6 mg/day for
4 weeks attenuated skin inflammatory response in a model of low zinc/magnesium diet-
induced atopic dermatitis (AD) in hairless mice. These effects were associated with a
down-regulation of the cytokines IL-6, IL-1$3, IL-4, and IL-5, a suppression of MMP-9 activ-
ity, and an up-regulation of filaggrin levels, a protein involved in skin barrier function [137].
Likewise, the anti-inflammatory activity of 3-carotene administered orally (20 mg/kg) for
8 weeks was also reported in a mouse model of oxazolone-induced AD [138]. Furthermore,
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[-carotene and LUT were evaluated in a mouse model of acute neurogenic inflammation in
the ear induced by capsaicin or mustard oil. These carotenoids administered topically at the
dose of 100 mg/kg attenuated edema formation; nevertheless, a reduction in myeloperoxi-
dase (MPO) activity and neutrophilic infiltration in the mouse ear was only demonstrated
after LUT treatment [139].

In relation to central nervous system disorders, the neuroprotective role of this
carotenoid was evaluated for the first time in a rat model of acute spinal cord injury.
[-Carotene administered intraperitoneally at different doses (10, 20, 40, and 80 mg/kg)
suppressed NF-kB pathway activation and exerted a marked antioxidative effect by de-
creasing ROS, NO, and malondialdehyde (MDA) levels and up-regulating SOD, Nrf2,
and HO-1 [140]. In addition, 3-carotene has been demonstrated to have protective effects
in other inflammatory diseases such gouty arthritis or asthma. In this line, 3-carotene
administered orally (30 mg/kg) inhibited NLRP3 inflammasome activation in a model of
gouty arthritis in mice, as well as suppressed levels of IL-1 in synovial fluid cells isolated
from gout patients [127]. Oral treatment with this carotenoid at 30 mg/kg demonstrated
a therapeutic effect in a rat model of ovalbumin-induced asthma via reduction in the
proinflammatory cytokines IL-f3, IL-6, and TNF-« and an increase in the anti-inflammatory
cytokines IL-4 and IL-13 [141].

4.1.3. Human Studies

Regarding clinical studies, a randomized, double-blind, and placebo-controlled clinical
trial evaluated the role of Lactobacillus brevis KB290 and (3-carotene in diarrhea-predominant
irritable bowel syndrome-like symptoms in healthy people. The intake of this combination
for 12 weeks improved the abdominal pain, reduced stool frequency, and decreased colon
inflammation through up-regulation of the cytokine IL-10 [142]. Likewise, a double-blind
controlled crossover clinical trial in type 2 diabetes mellitus (T2DM) patients demonstrated
that supplementation with a $-carotene-fortified symbiotic food (containing Lactobacillus
sporogenes as probiotic, 0.1 g inulin as prebiotic, and 0.05 g 3-carotene) for 6 weeks enhanced
insulin metabolism and lipid profile as well as augmented the antioxidant GSH plasma
levels [143]. Another study investigated the effects of 3-carotene at the doses of 30 and
90 mg/day for 90 days on wrinkles, elasticity, and ultraviolet (UV)-induced DNA damage
in healthy females over the age of 50 years. Interestingly, only the lowest dose was effective
in preventing and repairing skin photoaging [144]. These data are consistent with previous
studies demonstrating the pro-oxidant effects of 3-carotene at high doses as it can produce
radical ions that themselves may contribute to cell injury [145].

Finally, previous studies have reported that reduced levels of 3-carotene can be de-
tected in patients with different inflammatory disorders, including non-alcoholic fatty
liver disease [146], chronic obstructive pulmonary disease [147], acute myocardial infarc-
tion [148], infection by H. pylori [149], and advanced coronary artery disease [150]. These
findings support the protective effects of 3-carotene through inhibition of the inflamma-
tory processes.

4.2. Lutein
4.2.1. In Vitro Studies

The beneficial effects of LUT in ocular disorders have been demonstrated in numer-
ous in vitro studies. Along this line, LUT exhibited a protective role in human retinal
pigment epithelial cells (ARPE-19 cells) exposed to different stimuli implicated in age-
related macular degeneration pathogenesis (AMD), a severe disease that causes vision
loss. The mechanisms underlying these actions were associated with an inhibition of
apoptosis, VEGF levels, and oxidative stress markers, as well as prevention of autophagy
flux alteration [151]. Similarly, a LUT nanoemulsion improved penetration into ARPE-
19 cells and protected cells from H,O,-induced damage [152]. It has been reported that
retinal photo-oxidative damage may lead to inflammation of eyes and AMD-associated
lesions. A previous study reported a reduction in proteasome activity in ARPE-19 cells
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exposed to blue light and that LUT and ZX were able to reverse this effect and regulate
inflammation-related genes, such as MCP-1 and IL-8 [153].

Retinal ischemia/reperfusion injury occurs in some eye diseases including glau-
coma and diabetic retinopathy. The protective effects of LUT have been reported in a rat
Miiller cell line exposed to cobalt (IT) chloride, a model that mimics the hypoxic/ischemic
state. This carotenoid exerted anti-inflammatory effects by reducing NF-«B, IL-1§3, and
COX-2 levels [154] as well as inhibited apoptosis and autophagy in glial cells [155]. It
has been reported that hyperosmoticity of tears induces inflammation and ocular surface
damage, playing a main role in dry eye development. In this line, LUT has been shown to
be a potential agent for the treatment of dry eye since it suppressed the hyperosmoticity-
induced increase in IL-6 through inhibition of NF-«B pathway activation in human corneal
epithelial cells [156].

Furthermore, LUT protected a human keratinocyte cell line and primary human ker-
atinocytes from foreskins against UVB-induced damage through an increase in cell viability
and proliferation, and reduction in apoptosis [157]. Similarly, LUT pretreatment for 48 h
before UVA irradiation preserved tissue architecture in a model of three-dimensional
human skin equivalent [158]. The photoprotective effects of this carotenoid were also
related to the inhibition of MMP-9 expression and ROS production in UV-irradiated Ha-
CaT [159]. Other papers reported the antioxidant effects of LUT via up-regulation of the
Nrf2/HO-1 pathway and its anti-inflammatory actions through inhibition of NF-«B activ-
ity in monosodium iodoacetate-induced osteoarthritis in primary chondrocyte cells [160]
as well as in LPS-activated microglial cells [161]. In addition, this compound reduced
LPS-induced production of TNF-, IL-6, and IL-1f in peripheral blood mononuclear cells
from patients with stable angina [162]. Another action mechanism involved in the anti-
inflammatory properties of LUT was related to suppression of the transcription factor AP-1
in LPS-activated macrophages [159]. The antioxidant and anti-inflammatory effects of LUT
and its combination with six anthocyanidin glucosides were also evaluated chemically
and in Caco-2 cells. LUT alone showed better results than the mixture with the other com-
pounds, demonstrating antioxidant activity through inhibition of liposome peroxidation
and anti-inflammatory effects via suppression of the in vitro lipoxygenase-1 activity and
reduction in IL-8 and NO levels in Caco-2 cells [163].

4.2.2. In Vivo Studies

Like in vitro studies, the protective effects of LUT in eye disorders, such as AMD,
diabetic retinopathy, cataract, uveitis, and dry eye syndrome have been previously re-
ported in a number of animal studies. In this respect, LUT and ZX have been evaluated
on high-fat diet-induced retinal inflammation in rats since a high-fat intake has been as-
sociated with a high incidence of AMD. Data reported that the mix of both carotenoids
(100 mg/kg) enhanced metabolic and lipid profile, as well as reduced oxidative stress in
the retina by increasing the Nrf2/HO-1 pathway [164]. Light exposure has been reported
to be another risk factor for AMD development since it increases the stress in the retinal
pigment epithelium. In this line, a LUT-rich marigold extract, composed of 92% LUT
and 8% ZX (100 mg/kg), protected the retina from oxidative stress and inflammation in a
model of photostressed retina in mice [165]. Regarding diabetic retinopathy, chronic LUT
administration (4.2 and 8.4 mg/kg) in the retina of Ins24k%/* mice, a genetic model of
type 1 diabetes, suppressed microglia activation, which is involved in retinal inflammation,
and preserved retinal activity [166]. Likewise, LUT supplementation of 0.1% (wt/wt) was
reported to have antioxidative effects in the retina in streptozotocin-induced diabetic mice
via down-regulation of ROS-mediated extracellular signal-regulated kinase (ERK) activa-
tion [167]. In the same experimental model, administration of 0.5 mg/kg LUT or 0.6 and
3 mg/kg ATX exerted antioxidant and anti-inflammatory effects via inhibition of the NF-«xB
pathway [168]. Furthermore, intraperitoneal administration of micelles containing LUT
(1.3 mmol/kg) in combination with three unsaturated fatty acids protected against cataract
formation induced by sodium selenite in rat pups. The mechanisms involved in these
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actions were related to an increase in antioxidant enzymes activity and down-regulation of
proinflammatory markers, such as phospholipase A2 (PLA2), COX-2, iNOS, and NF-«B
expression [169], as well as regulation of the chaperone function of lens crystallin [170].
The protective effect of LUT at the doses of 125 and 500 mg/kg has also been demonstrated
in LPS-induced uveitis in mice through its antioxidant properties, including reduction in
NO and MDA levels and an increase in SOD and glutathione peroxidase activities [171].
In the same model, LUT was reported to protect against uveitis via reduction in IL-8
production in uveal melanocytes accompanied by inhibition of JNK1/2 and NF-«B sig-
naling pathways [172]. Furthermore, a recent study has reported the antioxidative and
anti-inflammatory effect of a formulation containing LUT/ZX, curcumin, and vitamin D3
in a rat model of benzalkonium chloride-induced dry eye syndrome [173].

Regarding cardiovascular diseases, the preventive effects of chronic administration of
LUT (25, 50, and 100 mg/kg) on atherosclerosis have been reported in ApoE-deficient mice
fed a high-fat diet via an increase in PPAR-w, a marker related to lipid metabolism [174].
Likewise, dietary LUT (0.01 g/100 g diet) improved the lipid profile and reduced oxidative
stress and cytokine production in aortas of guinea pigs fed a hypercholesterolemic diet [175].
Later, these authors showed the protective effect of this carotenoid against a high-fat diet-
induced hepatic injury by inhibiting NF-«B activity [176].

In relation to the potential role of this corotenoid for pain treatment, this carotenoid
has been recently investigated in acute trigeminal inflammatory pain induced by mustard
oil injection and chronic trigeminal pain following complete Freund’s adjuvant administra-
tion into rat whisker pads. The results in the acute model demonstrated that intraperitoneal
administration of LUT (10 mg/kg) suppressed edema thickness and sensitization of noci-
ceptive processing in spinal trigeminal nucleus caudalis (SpVc) and upper cervical (C1)
dorsal horn neurons [177]. Similarly, in the chronic model, the carotenoid was able to
reduce the hyperalgesia and neuronal hyperexcitability via COX-2 inhibition [178]. Further-
more, LUT attenuated mustard oil-induced acute neurogenic inflammation via suppression
of the activation of transient receptor potential ankyrin 1 (TRPA1) on capsaicin- sensitive
sensory nerves [139]. This compound has also been reported to have protective effects
against thermal injury in remote organs in rats. Oral administration of this compound
at the dose of 250 mg/kg for three days attenuated liver and kidney dysfunction and
oxidative damage. Moreover, this carotenoid evidenced anti-inflammatory and antiapop-
totic properties by reducing TNF-« and caspase-3 expression, respectively, in the liver,
kidneys, and lungs [179]. Regarding central nervous system disorders, LUT at the doses
of 80 and 160 mg/kg demonstrated anti-inflammatory and antioxidative actions in a
model of severe traumatic brain injury via down-regulation of NF-«B and ICAM-1 ex-
pression, and up-regulation of Nrf2 and endothelin-1 levels [180]. The antioxidant and
anti-inflammatory actions of LUT have been described in other experimental models, such
as osteoporosis in ovariectomized rats [181], alcohol-induced hepatic damage [182], and
ischemia/reperfusion injury in skeletal muscle [183].

4.2.3. Human Studies

The effects of LUT in AMD have been previously investigated in a variety of clinical
studies. One of the largest was the Age-related Eye Disease Study 2 (AREDS2), a double-
blind, randomized trial in people at risk of developing late AMD. The results of this
study, which evaluated the effects of a formulation of vitamins and zinc, plus LUT/ZX
(10mg/2mg), suggest a reduced risk of developing advanced AMD with the consumption of
LUT/ZX [184]. These findings were confirmed in a post hoc study evaluating participants
enrolled in AREDS 1 and AREDS2 with no late AMD [185]. Likewise, the protective effects
of this carotenoid against the development and progression of AMD have been evidenced
in other clinical trials by increasing sensitivity of the retina, macular pigment optical density,
and visual performance [186-188]. Nevertheless, other studies that evaluated the effects
of co-administration of LUT and PUFA reported protective actions of this combination in
some studies [189] and non-significant effects in others [190].
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Regarding the photoprotective effects of LUT, a randomized, controlled, double-blind
clinical trial in people exposed to UVB/A demonstrated that capsules of LUT (10 mg,
twice daily) decreased the skin expression of HO-1, MMP-1, and ICAM-1 [191]. Moreover,
oral supplementation with omega-6 and omega-3 fatty acids, ZX, LUT, and vitamin D
attenuated sunburn risk in patients with Fitzpatrick skin phototypes I, II, or IIT [192].
Finally, a recent study confirmed the photoprotective and antiphotoaging effects of a
nutritional intervention with different antioxidants, including LUT (3 mg/day), in healthy
volunteers [193].

4.3. Zeaxanthin
4.3.1. In Vitro Studies

This carotenoid has been shown to have invitro anti-inflammatory effects in
LPS/H,0O;-stimulated human adipose-derived mesenchymal stem cells by reduction in
ROS production via down-regulation of the protein kinase C/MAPK/ERK pathway [194].
In addition, ZX prevented oxidative stress in ARPE-19 cells due to PI3K/ Akt activation as
well induction of phase II enzyme expression via Nrf2 activation [195].

4.3.2. In Vivo Studies

The protective role of ZX in ocular diseases has been previously demonstrated in
animal models including AMD. In this line, this carotenoid induced an antioxidative
response in retinal pigment epithelium, protecting its structure and function in a genetic
model of oxidative stress-mediated retinal degeneration in mice [196]. Similarly, this
compound attenuated intense light-induced retinal damage by activating Nrf2/HO-1
pathways and suppressing NF-«B expression [197]. Likewise, the neuroprotective effects
of LUT/ZX isomers via up-regulation of Nrf2 and down-regulation of NF-«B have been
recently reported in a mouse model of traumatic brain injury [198]. On the other hand, ZX
was effective in reducing colon inflammation acetic acid-induced ulcerative colitis through
an increase in antioxidant defense mechanisms and attenuation of NF-kB levels and the
consequent iNOS and COX-2 inhibition [199]. Furthermore, the anti-inflammatory activity
of ZX has been evidenced in a model of paw edema in mice [200], as well as in a model
of alcoholic fatty liver in rats [201]. This carotenoid also ameliorated diabetes-induced
neuroinflammation, improving anxiety and depression [202].

4.3.3. Human Studies

As mentioned in the section on LUT, numerous clinical trials have investigated the
effects of a combination of LUT and ZX in ocular disorders. In this regard, supplementation
with these carotenoids reduced the risk of developing AMD [184,185,203]. Nevertheless,
other studies did not report significant changes after LUT and ZX treatment for the pre-
vention of eye diseases or improvement of macular pigments [204]. In relation to dry eye
syndrome, a randomized, double-blind, clinical trial reported that oral supplementation
with LUT, ZX, curcumin, and vitamin D3 for 8 weeks enhanced dry eye symptoms and
attenuated eye inflammation by reducing MMP-9 levels in tears [205].

4.4. Astaxanthin
4.4.1. In Vitro Studies

ATX has been shown to have in vitro anti-inflammatory effects in THP-1 macrophages
through inhibition of NF-«B activation with the subsequent down-regulation of the proin-
flammatory markers IL-1p, IL-6, TNF-a, and MMP-2 and 9 [206]. In the same line,
this carotenoid suppressed the MAPK signaling pathway, up-regulated the Nrf2 path-
way, and increased SIRT-1 activity in ethanol or LPS-induced macrophages from sev-
eral sources [207-209]. In addition, ATX microparticles protected macrophages against
radiation-induced damage via suppression of transforming growth factor beta [210]. On the
other hand, the neuroprotective role of ATX in LPS-activated BV2 cells has been reported
in microglia-mediated inflammation following Alzheimer’s disease through inhibition of
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MAPK and NF-«B pathway activation [211,212], as well as in particulate matter-stimulated
microglial cells [213]. In addition, ATX inactivated STAT3 transcription factor, which
led to inhibition of 3-secretase activity with the subsequent prevention of amyloid beta
accumulation [214]. ATX has also been shown to have antiarthritic properties via reduc-
tion of NLRP3 inflammasome stimulation in monosodium urate crystal-activated murine
macrophages [215]. Furthermore, ATX protected human primary keratinocytes and HaCaT
keratinocytes against UVB-induced damage through reduction of the proinflammatory
cytokines IL-8, TNF-«, and IL-1p and the enzymes iNOS and COX-2 [216]. Likewise, the
beneficial role of this carotenoid in dry eye treatment was confirmed in human corneal
epithelial cells via reduction in TNF-« and IL-1f levels [217]. Finally, the anti-inflammatory
and antioxidant effects of this carotenoid have been demonstrated in other in vitro mod-
els, including bovine endometritis [218], gastric inflammation by H. pylori [219], and
osteoporosis [220].

4.4.2. In Vivo Studies

A variety of animal studies have revealed the protective role of ATX against liver
inflammation and its progression to cirrhosis and cancer. The mechanisms underlying
the anti-inflammatory effects of this carotenoid in the model of non-alcoholic fatty liver
were associated with a suppression of endoplasmic reticulum stress and NF-«B [221], a
reduction in lipogenic regulator genes [222], and PPAR-« activation [223]. Additionally, the
hepatoprotective effects of ATX in liver injury were due to suppression of STAT3 activity in
ethanol-induced hepatic damage [224], modulation of gut microbiota [225], inhibition of
MAPK pathway activation in acetaminophen-induced hepatic injury [226], and suppression
of NF-«kB and autophagy in carbon tetrachloride-induced hepatic fibrosis [227] or arsenic-
stimulated liver damage [228]. Likewise, dietary ATX (1mg/kg) alleviated high-fructose
diet-induced liver inflammation via up-regulation of SIRT-1 and inhibition of NF-«B [229].
Another paper demonstrated that ATX liposomes attenuated LPS-induced acute liver
injury in rats, reporting a higher antioxidant and anti-inflammatory activity than free ATX
due to an enhancement of its oral bioavailability [230]. In the same line, treatment with
ATX (5,10 and 20 mg/kg) dose-dependently protected against burn-induced acute kidney
inflammation through suppression of the TLR4/NF-«B pathway and an increase in HO-1
levels [231].

In relation to cardiovascular diseases, it has been recently described that ATX protected
mouse heart against LPS-induced cardiac dysfunction by down-regulating MAPK and
PIBK/ Akt pathways with the consequent apoptosis inhibition [232]. In addition, several
animal studies demonstrated the beneficial role of ATX in diabetes mellitus and metabolic
syndrome since this carotenoid enhanced the lipid profile and glucose tolerance as well as
reduced insulin resistance in a model of chemically induced diabetes [233] and gestational
diabetes [234]. Another paper evidenced that PEGylated ATX had a higher antidiabetic
effect than free ATX due to an enhancement in oral bioavailability [235]. Additionally,
this carotenoid ameliorated diabetic retinopathy in a rat model of streptozotocin-induced
diabetes [168,236]. Regarding diabetes-induced brain damage, ATX improved cognitive
function through inhibition of NOS activity and up-regulation of the PI3K/Akt path-
way [237], as well as activation of the Nrf2/HO-1 pathway in the cerebral cortex and
hippocampus [238].

ATX has also demonstrated anti-inflammatory effects in central nervous disorders,
such as depression; in this line, this compound alleviated depressive-like symptoms in
a mouse model of LPS-induced inflammation via attenuation of NF-«B activation and
the subsequent suppression of COX-2 and iNOS in the hippocampus and prefrontal cor-
tex [239]. In the same model, a recent study reported that oral treatment with an ATX
emulsion to increase its bioavailability improved cognitive function and exhibited anti-
inflammatory activity by down-regulating inflammation-related proteins such as COX-2,
iNOS, TNF-«, IL-6, and IL-13 and increasing IL-10 levels [240]. Furthermore, ATX was
effective in attenuating status epilepticus-induced neuroinflammation in rats by suppress-
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ing extracellular ATP levels and the consequent P2X7R inhibition, a microglial receptor
involved in inflammation [241]. The neuroprotective effects of this compound were also
evidenced in a model of subarachnoid haemorrhage via inhibition of MMP-9 levels and
activity [242] and up-regulation of SIRT1 expression [243]. In addition, ATX reduced neu-
roinflammation in other animal models, such as chronic neuropathic pain [244], spinal cord
injury [245,246], Alzheimer’s disease [247], and acute cerebral infarction [248].

Regarding the potential role of ATX for arthritis treatment, this carotenoid protected
cartilage against destruction surgically induced by destabilization of the medial meniscus,
through Nrf2 activation [249]. In addition, this carotenoid exhibited antiarthritis properties
by attenuating chronic inflammatory pain and suppressing proinflammatory and oxidative
stress markers in a rat model of arthritis by complete Freund’s adjuvant [250], as well as in
monosodium iodoacetate-induced osteoarthritis [251]. ATX also attenuated inflammation
in a model of gouty arthritis in rats [215] and in different animal models of gastrointestinal
inflammation. In this regard, it has been recently demonstrated that dietary ATX (0.005%)
ameliorated oxidative stress, interferon gamma (IFN-y) levels, and the oncogenes c-myc
and cyclin D1 in a mouse model of H. pylori-associated gastritis, suggesting the chemopre-
ventive role of this carotenoid in H. pylori-induced carcinogenesis [252]. Additionally, ATX
administered orally (100 mg/kg) attenuated ochratoxin A-induced cecum inflammation
due to suppression of TLR4 and its downstream protein Myd88, as well as inhibition
of NF-«B and the subsequent release of TNF-« and IFN-y [253]. Similarly, ATX supple-
mentation revealed a protective role in DSS-induced ulcerative colitis in mice through
down-regulation of NF-kB-induced COX-2 and iNOS expression [254]. Similar findings
were reported when ATX was administered to obese mice, suppressing the development of
azoxymethane-induced colonic premalignant lesions [255]. Additionally, this carotenoid
improved acute pancreatitis in mice via suppression of JAK/STAT3 activity [256].

The beneficial role of ATX in pulmonary disorders has also been reported in dif-
ferent in vivo models. At this respect, this compound exhibited antiasthmatic effects
in ovalbumin-induced asthma in mice due to modulation of Th1 and Th2 cytokine pro-
files [257]. Furthermore, ATX inhibited inflammatory and oxidative response in acute lung
injury via attenuation of oxidative/nitrosative stress markers, apoptosis, and NF-«B expres-
sion [258] as well as an increase in the Nrf2/HO-1 signaling pathway [259]. As regards skin
diseases, it has been reported that this carotenoid administered topically on the ear or back
skin of mice alleviated hyperkeratosis and inflammatory response in a model of phthalic
anhydride-induced atopic dermatitis. These actions were related to a down-regulation of
NF-kB and its proinflammatory target genes iNOS and COX-2 [260,261]. In the same model,
ATX-loaded liposomes were more effective than free ATX in alleviating skin inflammation
due to inhibition of oxidative stress and STAT3 and NF-«B signaling pathways as well
as a reduction of IgE, a marker of allergic inflammation [262]. Likewise, oral treatment
with ATX enhanced atopic dermatitis-induced pruritus and inflammation, evidenced by
an inhibition of proinflammatory cytokines and L-histidine decarboxylase levels [263].
Moreover, ATX protected mouse skin against burn injury as well as corneal epithelium
against UV-induced keratitis by suppressing proinflammatory and oxidative markers and
apoptosis [264,265]. On the other hand, ATX has been shown to have anti-inflammatory
effects in a mouse model of hyperosmoticity-induced dry eye due to suppression of TNF-a
and IL-13, as well as down-regulation of high-mobility group box 1, a proinflammatory
marker involved in ocular damage [217].

4.4.3. Human Studies

Regarding human studies, the photoprotective and antiaging effects of ATX have
been demonstrated in a randomized and double-blind study in healthy women exposed
to UVB and receiving ATX capsules at 6 or 12 mg/day for 16 weeks. At the end of the
study, the carotenoid was effective in attenuating wrinkle formation and improving skin
elasticity [266]. Similar results were detected in another clinical trial in participants treated
with ATX capsules at 4 mg for 9 weeks [267]. Additionally, an ATX supplement (6 mg/day)
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for 12 weeks increased cognitive function in patients with mild cognitive impairment [268],
and this treatment for 4 weeks alleviated mental and physical fatigue in healthy volun-
teers [269]. Furthermore, administration of ATX at 8 mg/day for 8 weeks improved the
lipid profile and reduced blood pressure in patients with T2DM [270]. Likewise, the benefi-
cial effects of the same dose of ATX in T2DM have been recently reported in a randomized,
double-masked clinical trial through reduction in IL-6 and MDA levels as well as down-
regulation of microRNA 146a, a proinflammatory marker whose deregulation has been
implicated in diabetes pathogenesis and complications [271].

4.5. Fucoxanthin
4.5.1. In Vitro Studies

The carotenoid FX has been shown to have marked anti-inflammatory effects in differ-
ent in vitro experimental models. In this line, FX suppressed COX-2 and iNOS expression
and the consequent production of PGE; and NO, respectively, as well as reduced TNF-«,
IL-1B, and IL-6 levels via inhibition of NF-kB and MAPK pathways in LPS-stimulated
RAW 264.7 macrophages [272,273]. A recent study reported that this carotenoid attenuated
the palmitate-induced inflammatory response in RAW 264.7 macrophages by improving
lipid metabolism and mitochondrial dysfunction. Additionally, this compound blocked
the expression gene of M1 markers (IL-6, IL-13, TNF-«, and Nlrp3) and up-regulated the
expression of the M2 marker Tgff1, thus suppressing macrophage-induced inflamma-
tion [274]. Another study by our group confirmed the anti-inflammatory activity of FX
due to a reduction in TNF-« levels in LPS-activated THP-1 macrophages and IL-6 and IL-8
production in TNF-«-stimulated HaCaT keratinocytes, an in vitro model of psoriasis [275].

In relation to neurodegenerative diseases, FX has been demonstrated to have neu-
roprotective effects in amyloid-B4-stimulated BV2 microglia cells [276], as well as in
LPS-activated BV2 cells via inhibition of Akt/NF-«kB and MAPK/AP-1 pathways and
activation of the Nrf2/HO-1 pathway [277]. Likewise, the antifibrotic effect of FX has
also been reported in TGF-f1-stimulated human pulmonary fibroblasts via suppression of
MAPK, PI3K/Akt, and Smad2/Smad3 pathways [278]. On the other hand, our group has
previously shown that FX protected HaCaT cells against UVB irradiation via attenuation of
ROS and IL-6 production [275]. Interestingly, the combination of FX and the polyphenol
rosmarinic acid down-regulated inflammasome-related proteins such as NLRP3, ASC,
and caspase-1 and up-regulated the Nrf2/HO-1 pathway in UVB-irradiated HaCaT ker-
atinocytes [279]. In the same line, a sunscreen containing FX 0.5 (w/v) revealed photo-
protective properties in UVA-stimulated reconstructed human skin (RHS) via reduction
in ROS production [280]. These authors also reported that this carotenoid administered
topically in RHS attenuated ethanol-induced skin inflammation through an increase in
filaggrin expression [281]. As regards ocular diseases, FX protected ARPE-19 cells against
high glucose-induced diabetes retinopathy in ARPE-19 cells via up-regulation of Nrf2 and
reduction in apoptosis [282].

Furthermore, the potential therapeutic effect of FX has been reported in LPS-stimulated
Caco-2 cells, an in vitro intestinal inflammation model. This carotenoid improved the
intestinal epithelial barrier and reduced IL-13 and TNF-« levels and increased the anti-
inflammatory cytokine IL-10 [283]. In relation to metabolic disorders, FX inhibited lipid
accumulation and ROS production by modulating adipogenic and lipogenic mediators
and increasing antioxidant enzymes in adipocytes, demonstrating interesting antiobesity
properties [284-286]. According with these findings, FX stimulated lipolysis and supressed
lipogenesis in oleic acid-induced hepatocytes, a fatty liver cell model, through activation
of the SIRT1/AMP-activated protein kinase (AMPK) pathway [287]. In the same line,
antiobesity activity has also been reported after fucoxanthinol treatment, a metabolite of
FX, in TNF-a-stimulated adipocytes by reducing the levels of adipocytokines, such as
IL-6 and MCP-1, and in palmitic acid-stimulated RAW264.7 cells by inhibiting TNF-&
production [286]. These effects were confirmed in a model of low-grade chronic inflamma-
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tion, consisting of a co-culture of adipocytes and macrophages, demonstrating that this
compound ameliorated inflammation in adipose tissue [284].

4.5.2. In Vivo Studies

The anti-inflammatory effects of FX have been demonstrated in a variety of animal
models. In terms of skin disorders, a study by our group in the 12-O-tetradecanoylphorbol-
13-acetate (TPA) model, which mimics psoriatic markers in mouse dorsal skin, evidenced
that topical administration of an FX cream improved hyperplasia via suppression of
MPO activity and COX-2 expression. Additionally, this preparation protected mouse skin
against UVB-induced acute erythema due to inhibition of COX-2 and iNOS expression and
up-regulation of the Nrf2/HO-1 pathway [275]. Furthermore, FX-containing Vaseline im-
proved AD skin symptoms in the Nc/Nga mouse model through an increase in regulatory
innate lymphoid cell-released IL-2 and IL-10 [288]. This carotenoid (4 and 8mg/kg) also
suppressed inflammation in the mouse model of carrageenan-induced paw edema due to
inhibition of MAPK, NF-kB, and protein kinase B/ Akt pathways [289]. Regarding colon
inflammation, treatment with FX at 50 and 100 mg/kg ameliorated DSS-induced acute coli-
tis in mice by down-regulation of the NF-«kB/COX-2/PGE2 pathway [290]. Similar results
were reported after FX administration in a rat model of carrageenan/kaolin-induced arthri-
tis [291]. According to these findings, this carotenoid (200 mg/kg) improved LPS-induced
depressive and anxiety-like behaviors via suppression of NF-«B and its proinflammatory
target genes iNOS, COX-2, IL-1§3, IL-6, and TNF-«, as well as activation of AMPK [292]. In
addition, FX treatment demonstrated antifibrotic actions in bleomycin-induced pulmonary
fibrosis in mice [293], as well as antiasthmatic effects in an ovalbumin-induced asthma
mouse model [294,295].

The therapeutic effects of FX in metabolic diseases have been demonstrated in different
animal models of obesity. In this respect, oral administration of FX (0.2, 0.4, and 0.6 %) was
effective in reducing inflammation through reduction in IL-1f3, TNF-«, iNOS, and COX-2 in
a model of high-fat diet-induced obesity [296]. Later, this effect was confirmed in the same
model after administration of FX at the dose of 1 mg/kg, showing that this carotenoid im-
proved the lipid profile and insulin resistance and decreased blood pressure. Furthermore,
FX up-regulated the anti-inflammatory cytokine adiponectin and inhibited leptin expres-
sion, a hormone associated with obesity [297,298]. In the same model, FX demonstrated
antiobesity properties via modulation of gut microbiota composition [297,298] and stim-
ulation of the Nrf2/NQO1 pathway [299]. Likewise, FX supplementation (0.1 and 0.2%)
prevented obesity development and reduced hyperglycemia in diabetic/obese KK-Ay mice,
by supressing MCP-1 and TNF-«, which are involved in insulin resistance [286]. Moreover,
an extract from Laminaria japonica with a high FX content enhanced insulin sensitivity
and reduced lipidic peroxidation in a model of streptozotocin- and nicotinamide-induced
diabetes [300]. In relation to hepatic disorders, the protective effect of dietary FX (0.2%)
has been reported in a mouse model of non-alcoholic fatty liver induced by a high-fat
diet via suppression of hepatic fat accumulation and MCP-1 expression [301]. In the same
line, FX treatment (10, 20 or 40mg/kg) protected against alcohol-induced liver damage via
up-regulation of Nrf2 and suppression of the TLR4-mediated NF-«B pathway [302].

4.5.3. Human Studies

Regarding human studies, a randomized controlled clinical trial has recently reported
the protective effect of a combination of fucoidan, a polysaccharide mainly derived from
brown seaweed (825 mg), and FX (825 mg), twice a day for 24 weeks in non-alcoholic fatty
liver disease patients. The results demonstrated that this treatment improved the lipid
profile and reduced hepatic steatosis and inflammation by inhibiting plasma levels of IL-6
and IFN-y [303].
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4.6. B-Cryptoxanthin
4.6.1. In Vivo Studies

The beneficial role of BCX has been reported in different animal studies. In this
line, this carotenoid administered orally (2 and 4 mg/kg) protected the retina against
light-induced damage through an increase in antioxidant status as well as a reduction in
NF-kB levels and the subsequent production of IL-13 and IL-6 [304]. As regards metabolic
disorders, the antiobesity properties of dietary BCX for 12 weeks have been reported in a
mouse model of high-fat diet-induced insulin resistance. The mechanisms underlying this
effect were associated with a down-regulation of NF-«B expression and up-regulation of
the Nrf2/HO-1 pathway [305], as well as modulation of the M1/M2 status, resulting in an
increase in the M2 macrophage population [306]. Likewise, the cardioprotective effect of
this carotenoid has been recently reported in a rat model of ischemia/reperfusion-induced
myocardial injury by down-regulating the NF-«B pathway [307]. In addition, BCX attenu-
ated the development of surgically induced osteoarthritis by inhibiting proinflammatory
cytokine levels [308] as well as ameliorated cigarette smoke-induced lung inflammatory
response and squamous metaplasia via reduction in the NF-«B/TNF-o pathway [309].

4.6.2. Human Studies

Regarding human studies, a randomized, double-masked, and placebo-controlled
clinical trial enrolling subjects suffering non-alcoholic fatty liver disease demonstrated that
a BCX capsule for 12 weeks attenuated oxidative stress and inflammatory processes via
reduction in MDA and IL-6 serum levels, respectively [310].

Table 1. Microalgal carotenoids and their described activities in inflammation and cancer.

Carotenoid Source Bioactivity References
Inflammation
Colitis [130-132]
Hepatic fibrosis [133]
Non-alcoholic fatty liver [134]
Atherosclerosis [135,136]
Atopic dermatitis [137,138]
Neurogenic inflammation [139]
Acute spinal cord injury [140]
Arthritis [127]
Asthma [141]
Dunaliella salina Irritable bowel syndrome [142]
p-Carotene Chlamydomonas reinhardtii Type 2 diabetes mellitus [143]
Isochrysis galbana Skin photoaging [144,145]
Tetraselmis suecica Cancer
Colon cancer [311,312]
Liver cancer [313,314]
Gastric cancer [315,316]
EsoPhageal squamous cell [317,318]
carcinoma
Prostate cancer [319]
Neuroblastoma [320]
Breast cancer [321-323]
Pancreatic cancer [324]
Non-Hodgkin lymphoma [325]
Inflammation
Chlorella sorokiniana
Chromochloris zoofingiensis dAege relate.d macular [165,184-188]
. generation
Lutein Auxenochlorglla protchecoldes Diabetic retinopathy [166-168]
Dunaliella salina Uveitis [171,172]
Chlamy do!nonas SP- Dry eye syndrome [173]
Tetraselmis suecica Atherosclerosis [174,175]
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Table 1. Cont.

Carotenoid Source Bioactivity References
Inflammation
Hepatic injury [176]
Pain [139,177-179]
Osteoporosis [181]
Alcohol-induced hepatic [182]
damage
Ischemia/Reperfusion [183]
Chlorella sorokiniana Photoprotective/ [191-193]
Chromochloris zoofingiensis Antiaging effects ;
Lutein Auxenochlorglla protqthecoides Cancer
Dunaliella salina Colon cancer [326,327]
Chlamydomonas Sp- Hepatocellular carcinoma [328]
Tetraselmis suecica Breast cancer [329,330]
Bladder cancer [331]
Renal cell carcinoma [332]
Neck cancer [333]
Non-Hodgkin lymphoma [325]
Pharyngeal cancer [334]
Esophageal cancer [318]
Pancreatic cancer [335]
Inflammation
ClAge-relate'd macular [184,185,196,336]
egeneration
Traumatic brain injury [198]
Colitis [199]
Edema [200]
Synechocystis sp. Alcoholi.c fatty li\fer [201]
Microcystis aeruginosa Depression/ Anxiety [202]
4 U3 Eye dry syndrome [205]
Nannochloropsis oculata ye ary sy
Zeaxanthin Chloroidium saccharophilum Cancer
Dunaliella sp. Uveal melanoma [337]
Porphyridium purpureum Pancreatic cancer [338]
Heterosigma akashiwo Ovarian cancer [339]
Bladder cancer [331]
Breast cancer [330]
Non-Hodgkin lymphoma [325]
Pharyngeal cancer [334]
Esophageal cancer [318]
Colon cancer [340]
Pancreatic cancer [335]
Inflammation
Non-alcoholic fatty liver [221-223]
Liver inflammation [224-230]
Kidney inflammation [231]
Cardiac dysfunction [232]
Diabetes mellitus [233-235,270,271]
Haematococcus lacustris Diabetes-related disorders [168,236-238]
Chromochloris zofingiensis Depression [239,240,341]
Astaxanthin Chlorococcum sp. Epilepsy-induced [241-243]
Dunaliella salina neuroinflammation
Tetraselmis suecica Acute cerebral infarction [248]
Arthritis [215,249-251,342]
Colitis [254,255]
Asthma [257]
Acute lung injury [258,259,343]
Contact dermatitis [344]
Atopic dermatitis [260-263]
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Table 1. Cont.

Carotenoid Source Bioactivity References
Inflammation
Dry eye [217]
Photoprotective/
Antiaging effects [266]
Haematococcus lacustris Cognitive function [268]
‘ Chromochloris zofingiensis Cancer
Astaxanthin Chlorococcun sp. Hepatocellular carcinoma [345-347]

Dunaliella salina

; : Mammary tumor [348]

Tetraselmis suecica Colon cancer [349]

Esophageal cancer [350]
Oral cancer [351,352]

Prostate cancer [353]

Lung metastatic melanoma [354]

Inflammation

Psoriasis/Acute erythema [275]

Atopic dermatitis [288]

Edema [289]

Colitis [290]

Arthritis [291]

Depression/ Anxiety [292]
Isochrysis sp. Lung injury [278,293]
Odontella aurita Asthma [294,295]
. Chaetoceros neogracilis Obesity [296-299]

G Chrysotila carterae Phaeodactylum Diabetes [300]
tricornutum Non-alcoholic fatty liver [301-303]

Pavlova sp. Cancer

Colon cancer [355-359]
Lung cancer [360-362]

Hepatocellular carcinoma [363]

Glioblastoma [364]

Cervical cancer [365]

Melanoma [366]

Sarcoma [367]

Inflammation

Obesity [305,306]

Ischemia/Reperfusion [307]

Osteoarthritis [308]

Lung inflammation [309]

Non-alcoholic fatty liver [310]

Phacodactylum tricornutum Cancer
B-Cryptoxanthin Auxenochlorella pyrenoidosa Gastri

Porphyridium purpureum astric cancer . [368,369]

Py purp Hepatocellular carcinoma [370]
Lung cancer [371-373]

Non-Hodgkin lymphoma [374]

Colon cancer [375]

Head /Neck cancer [333]

Breast cancer [376]

Renal cell carcinoma [377]

5. Anticancer Activity of Carotenoids
5.1. B-Carotene
5.1.1. In Vitro Studies

Numerous in vitro studies have reported the anticancer activity of -carotene in
gastrointestinal cancers. In this line, this carotenoid inhibited the cell growth of the
colorectal cancer cells HT-29 [378] and Caco-2 [379]. In addition, 3-carotene exhibited
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anticancer properties via suppression of M2 macrophage polarization, which has a main
role in promoting tumor progression and metastasis, as well as reduction in the migration
and invasion of HCT116 colon cancer cells [311]. Another paper demonstrated that the
molecular mechanisms underlying the anti-colon cancer effects of (3-carotene were related
to regulation of epigenetic modifications, including an increase in histone acetylation and
reduction in DNA methylation [340].

Moreover, [3-carotene was reported to act as a proapoptotic agent in gastric cancer
cells through reduction in the expression and activity of Ku proteins, which are involved
in the repair process of damaged DNA [380]. Furthermore, this carotenoid inhibited
proliferation of H. pylori-infected gastric adenocarcinoma cells through suppression of
NEF-«B activation, which in turn down-regulated tumor necrosis factor receptor-associated
factor 1 (TRAF1) and TRAF2 expression [381], as well as inhibition of 3-catenin signaling
and oncogene expression [382]. As regards esophagus cancer, 3-carotene has been reported
to suppress the growth of a human esophageal squamous cell carcinoma cell line and
induce apoptosis via down-regulation of NF-kB/ Akt pathway activation and caveolin-1
protein expression [383]. Later, these authors demonstrated a greater antiproliferative
effect of B-carotene when it was combined with 5-fluorouracil [317]. Other mechanisms
underlying the anticancer effects of this carotenoid in esophageal squamous carcinoma
cells include up-regulation of PPAR-y and down-regulation of cyclin D1 and COX-2
expression [384]. Likewise, 3-carotene, in combination with x-carotene, demonstrated a
strong antiproliferative activity as well as a reduction in DNA synthesis in esophageal
cancer cells [385]. In relation to hepatic cancer, a mixture of different carotenoids, including
a- and (3-carotene, lycopene, LUT, and BCX, evidenced a higher antimetastatic activity
than individual carotenoids in human hepatocarcinoma SK-Hep-1 cells [386]. In addition,
[-carotene at a plasma peak concentration exhibited genotoxic and cytotoxic antitumor
activity in HepG2 cells [387]. In this cell line, Dunaliella salina (as Dunaliella bardawil)
(Chlorophyta) biomass-loaded nanoparticles, whose majority components are 3-carotene,
LUT, ZX, CX, phytoene, and phytofluene, were effective in inhibiting cell proliferation and
inducing apoptosis [388].

The antiproliferative and proapoptotic actions of 3-carotene have also been reported in
human cervical cancer cells, hepatoma cells, and breast cancer cells, via inhibition of human
calcium/calmodulin-dependent protein kinase IV activity [389], as well as in adrenocor-
ticotropic hormone-secreting pituitary adenoma AtT-20 cells [390]. This carotenoid also
suppressed cell proliferation in leukemia K562 cells through an increase in PPAR-y ex-
pression [391], as well as increased the growth inhibitory effect of the anticancer drug
trichostatin A in the lung carcinoma cell line A549 [392]. 3-Carotene has also been shown
to have an antiproliferative effect in human breast adenocarcinoma cells via induction of
apoptosis and cell cycle arrest [393], as well as suppression of PI3K/Akt and ERK signaling
pathways [394]. Similarly, the combination of a low-dose doxorrubicin treatment with
several carotenoids, such as -carotene, LUT, ATX, or FX, was reported to have a cell
growth inhibitory effect and a proapoptotic effect in breast cancer cells [395]. Similar results
were reported after treatment with 3-carotene-loaded solid lipid nanoparticles [396].

5.1.2. In Vivo Studies

In relation to in vivo studies, 3-carotene at the doses of 5 and 15 mg/kg twice weekly
for 11 weeks was demonstrated to be effective in the reduction of tumor growth in a model
of colitis-associated colon cancer in mice via suppression of M2 macrophage polariza-
tion [311]. Similarly, this carotenoid administered orally (20, 40, and 60 mg/kg) for 30 days
decreased tumor weight and size in a rat model of H22 cell-induced liver cancer [313]. In
addition, the chemopreventive role of 3-carotene in gastric cancer was demonstrated in a
model of tobacco smoke-exposed mice. This carotenoid prevented epithelial-mesenchymal
transition, which is involved in the gastric cancer development, through inhibition of Notch
pathway activation [315]. Another paper evidenced that 3-carotene in combination with 5-
fluorouracil suppressed tumor growth and induced apoptosis in a mouse model of Ecal09
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cells (an esophageal squamous cell carcinoma cell line) [317]. Similarly, this carotenoid
administered at the dose of 16 mg/kg twice a week for 7 weeks showed antiproliferative
effects in a xenograft model of prostate cancer [319].

As regards extracranial solid tumors, oral pretreatment with (3-carotene reduced tumor
growth in a neuroblastoma model, as well as induced cell differentiation and inhibited
cancer cell stemness via down-regulation of different cancer stem cell markers [320]. In
the same model, these authors confirmed the anticarcinogenic effects of this carotenoid on
the murine liver microenvironment of a metastatic neuroblastoma through suppression of
proliferation and angiogenesis, as well as inhibition of apoptosis by up-regulating of Bcl-2
and down-regulating Bax protein [397]. Finally, 3-carotene-loaded lipid polymer hybrid or
zein nanoparticles were shown to reduce tumor growth in a model of chemically induced
breast cancer in rats and this effect was enhanced when the carotenoid was co-administered
with methotrexate [321,322].

5.1.3. Human Studies

Previous human studies have reported that reduced levels of 3-carotene can be de-
tected in patients with different cancers, including oral cancer [398], breast cancer [399],
prostate cancer [400], pancreatic cancer [338], and malignant pleural mesothelioma [401].
Moreover, numerous epidemiological studies have indicated that dietary intakes of 3-
carotene, obtained from fruits and vegetables, may reduce cancer mortality [402] and
protect against the development of some gastrointestinal cancers, such as esophageal can-
cer [318], gastric cancer [316], colon cancer [312], pancreatic cancer, and hepatocellular
carcinoma [314,324]. Likewise, consumption of this carotenoid exerted a chemopreventive
effect against the development of breast cancer [323,403], lung cancer [404], head and neck
cancer [333], and non-Hodgkin lymphoma [325]. However, other human studies have re-
ported contradictory results since 3-carotene supplementation was associated with higher
risk of developing cancer, such as breast cancer [405] and lung cancer in smokers [406].
These effects may be explained due to the antioxidant properties of this carotenoid, which
would lead to a reduction in ROS production with the consequent apoptosis inhibition. In
conclusion, further studies for 3-carotene are needed to assess this potential association.

5.2. Lutein
5.2.1. In Vitro Studies

Several in vitro studies have reported the anticancer properties of LUT in breast cancer.
In this regard, LUT inhibited cell growth and induced apoptosis in two breast cancer lines,
the non-invasive MCF-7 and invasive MDA-MB-231 cells. The mechanisms underlying
these effects were associated with an inhibition of the transcription factor Nrf2 and its
target genes SOD-2 and HO-1, as well as a down-regulation of cell survival markers such
as pAkt, pERK, and NF-«B [407]. Other mechanisms involved in the anti-breast cancer
effects of this carotenoid include inhibition of glycolysis [408], suppression of cell cycle
progression, stimulation of p53 signaling, and an increase in cellular heat shock protein
60 expression [409]. Moreover, LUT inhibited cell invasion and migration under hypoxic
conditions through down-regulation of the transcription factor hairy and enhancer of
split-1 (HES1) in MCF-7 and MDA-MB-231 cells [410]. In the same cell lines, the epoxide
form of LUT exhibited higher cytotoxic and proapoptotic activity than LUT [411]. Likewise,
LUT-loaded nanoparticles exhibited an antiproliferative effect in MCF-7 cells [412].

The antiproliferative and proapoptotic actions of LUT have also been described in
other cancer cell lines, including sarcoma S180 cells [413], colon adenocarcinoma cells [414],
prostate cancer (PC-3) cells [415], A549 lung cancer cells [416], and lymphoid leukaemia
cell lines [417].

5.2.2. In Vivo Studies

As regards preclinical animal studies, the chemoprotective effect of dietary LUT
(0.002%) administered either 8 weeks before or after the induction of neoplasia was reported
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in dimethylhydrazine-induced colon cancer. This carotenoid reduced tumor incidence and
down-regulated some proteins involved in cell proliferation, such as K-ras, Akt/protein
kinase B, and (-catenin [326]. Moreover, LUT (50 and 250 mg/kg) effectively inhibited
carcinogenesis in a model of N-nitrosodiethylamine-induced hepatocellular carcinoma in
rats via suppression of cytochrome P450 phase I enzyme activity and induction of detoxify-
ing phase Il enzymes [328]. More recently, it has been reported that daily administration
of LUT (50 mg/kg) for 30 days inhibited tumor growth in a murine breast cancer model
induced by injection of 4T1 cells [329]. Similar results were found when this carotenoid
(40 mg/kg) was administered to mice inoculated with sarcoma 5180 cells; interestingly,
the growth inhibitory effect was higher when this carotenoid was co-administered with
doxorubicin [413].

5.2.3. Human Studies

The protective effects of dietary LUT and ZX in the prevention of cancer have been
revealed in human epidemiological studies, which reported that consumption of these
carotenoids reduced the risk of different cancers, such as bladder cancer [331], breast
cancer [330], renal cell carcinoma [332], head and neck cancer [333], and non-Hodgkin
lymphoma [325]. Similarly, it has been reported that intake of LUT and ZX was inversely
related with a decreased risk of gastrointestinal cancers, including oral and pharyngeal
cancer [334], esophageal cancer [318], colon cancer [327], and pancreatic cancer [335].

5.3. Zeaxanthin
5.3.1. In Vitro and Animal Studies

The in vitro anticancer effects of ZX have been recently reported in HT-29 cells [378,414]
as well as in several human gastric cancer cells. This carotenoid exhibited cytotoxic effects
and induced G2/M cell cycle and apoptosis in gastric cancer cells by up-regulating sev-
eral proapoptotic factors, such as Bax, and down-regulating some antiapoptotic proteins,
such as Bcl-2, among others. Moreover, these authors suggested that LUT-induced ROS
production may induce regulation of the MAPK signaling pathway and, consequently,
activate apoptosis [418]. A bioguided study of the microalga Cyanophora paradoxa (Glau-
cophyta) reported a marked antiproliferative activity of different fractions rich in ZX and
BCX in A-2058 melanoma cells [419]. Other papers evidenced the potential of ZX as an
antimelanoma agent since this carotenoid induced apoptosis of human uveal melanoma
cells [420], as well as suppressed platelet-derived growth factor and melanoma cell-induced
fibroblast migration [421]. A preclinical study in mice reported that intravitreal injection
of ZX markedly supressed the tumor growth and invasion in a model of human uveal
melanoma induced by injection of C918 cells [337].

5.3.2. Human Studies

As regards human studies, in the section on LUT the chemopreventive effects of intake
of LUT and ZX in the development of many tumors have already been mentioned. In
addition, other studies have described an inverse association between low plasma levels of
ZX and increased risk of pancreatic cancer [338] and ovarian cancer [339].

5.4. Astaxanthin
5.4.1. In Vitro Studies

Several studies have reported the anticancer activity of this red pigment carotenoid. In
this regard, a study evaluated the role of ATX on pontin, a conserved ATPase of the AAA+
(ATPases associated with various cellular activities) superfamily overexpressed in many
cancers. This carotenoid modulated the expression of pontin, which led to a reduction
in the proliferation and migration of breast cancer cells when compared to normal breast
cells [422]. Recently, the role of ATX has been reported as a novel metastasis inhibitor on the
human breast cell line T47D through activation of different tumor metastasis suppressors
such as maspin, Kail, breast cancer metastasis suppressor 1, and mitogen-activated protein
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kinase kinase 4 [423]. In addition, the cytotoxic effect of ATX against ovarian carcinoma
cells via promotion of apoptosis and inactivation of the NF-«B signaling pathway has
recently been reported [424].

ATX has also shown antiproliferative effects in leukemia K562 cells by PPAR-y inhibi-
tion [425]. In addition, this compound may induce G0/G1 or G2/M cell cycle arrest, mod-
ulate epigenetic alterations (e.g., cell cycle regulator genes or growth factors), and inhibit
angiogenesis and metastasis in different cancer cell lines including glioblastoma [426—428].
These mechanisms were also observed in murine hepatoma cells H22 [429] and in several
human adenocarcinoma gastric cell lines such as AGS, KATO-III, MKN-45, and SNU-1 [430].
Additionally, this carotenoid induced mitochondrial membrane damage, decreasing its
transmembrane potential and the function of electron transport, which promoted the ex-
pression of proapoptotic proteins in rat hepatocellular carcinoma cells [431]. Furthermore,
ATX evidenced protective effects against the gastric disease associated with H. pylori in-
fection by promoting autophagy through AMPK pathway activation and reducing the
oxidative stress in the gastric adenocarcinoma cell line AGS [432].

Regarding colon cancer, ATX has been reported to inhibit cancer cell growth not only
by arresting cell cycle progression but also by promoting apoptosis via an increase in
caspase 3 expression in colon cancer cells [433]. Additionally, this carotenoid was able to
promote the expression of Bax, p53, p21, and p27 and the phosphorylation of p38, JNK,
and ERK1/2. Moreover, cyclin D1 and Bcl-2 expression and Akt phosphorylation were
found to be significantly decreased by ATX treatment, suggesting a protective role against
colon cancer cells [434], MCF-7 breast cancer cells [435], and glioblastoma [426]. It is worth
highlighting that the three stereoisomers of ATX (S, R, and a mixture of S:meso:R) exhibited
antiproliferative activity in HCT116 and HT29 colon cancer cells via apoptosis induction
and cell cycle arrest; however, terminal ring structures were not involved in these antitumor
effects since no significant differences were detected between the three stereoisomers [436].
Concerning skin cancer, ATX has been shown to decrease tyrosinase activity on human
dermal fibroblasts, which can lead to a malignant transformation of normal melanocytes
and promote skin cancer [437].

5.4.2. In Vivo Studies

Previous in vivo studies have reported the anticancer activity of ATX in gastrointesti-
nal cancers. In this line, the chemoprotective effect of ATX administered orally (15 mg/kg)
for 16 weeks was reported in dimethylhydrazine-induced colon cancer in rats through
apoptosis induction via down-regulation of ERK-2, NF-«kB, and COX-2 [349]. Similar results
were demonstrated after ATX treatment (200 ppm in the diet) in the experimental model
of colitis-associated colon cancer induced by azoxymethane (AOM)/DSS in mice [254].
Likewise, dietary intake of ATX at the same dose supressed AOM-induced colonic pre-
malignant lesion development in mice via attenuation of oxidative stress markers and
inactivation of NF-«B [255]. Regarding oral cancer, ATX effectively inhibited carcinogenesis
in 7,12-dimethylbenz[a]anthracene (DMBA)-induced buccal pouch cancer in hamsters
via down-regulation of NF-«B and Wnt/ 3-catenin signaling pathways. In addition, this
carotenoid induced caspase-mediated mitochondrial apoptosis through attenuation of the
antiapoptotic Bcl-2, p-Bad, and surviving expression and up-regulation of the proapop-
totic proteins Bax and Bad [351]. In the same model, an ATX-enriched diet (15 mg/kg)
suppressed tumor progression via inhibition of the JAK/STAT3 signaling pathway and
its downstream targets cyclin D1, MMP-2 and -9, and VEGEF, preventing cell proliferation
and invasion and, consequently, regulating tumor microvascular density [352]. In addition,
ATX supplementation at the dose of 25 mg/kg effectively suppressed tumorigenesis in a
rat model of N-nitrosomethylbenzylamine-induced esophageal cancer by down-regulating
NF-«kB and its target gene COX-2 [350]. Likewise, the chemopreventive effects of dietary
ATX (200 ppm) were also reported in diethylnitrosamine (DEN)-induced hepatic cancer
in obese mice via attenuation of oxidative stress and an increase in serum adiponectin
levels [347].
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Regarding skin cancer, the chemopreventive role of ATX (200 pg/kg) was demon-
strated in a rat model of UV-DMBA-induced skin tumorigenesis through inhibition of
tyrosinase activity and modulation of oxidative stress [438]. In the same line, nitroas-
taxanthin, the main reaction product of ATX with peroxynitrite, reduced the number of
papillomas in a two-stage carcinogensis model on mouse skin initiated by DMBA and
promoted by TPA [439]. Moreover, an oral nanoemulsion containing 15 mg/kg of ATX
has been found to suppress lung metastatic melanoma by apoptosis activation via down-
regulation of Bcl-2, ERK, and NF-«kB in B16F10 cell-injected mice [354]. Likewise, in a
xenograft model induced by human mammary tumor cells, a diet containing 0.005% ATX
for 8 weeks reduced tumor growth and regulated immune response when this carotenoid
was administered before tumor initiation, increasing NK cell populations and plasma IFN-y
levels. However, mice fed ATX after tumor initiation exhibited a faster tumor growth and
increased plasma levels of IL-6 and TNF-«, showing the importance of a good antioxidant
status prior to tumor initiation [348]. Additionally, this carotenoid administered orally at
the dose of 100 mg/kg suppressed tumor growth and induced apoptosis via caspase-3
activation in a xenograft model of prostate cancer in nude mice [353].

5.4.3. Human Studies

ATX is considered as a phytonutrient with strong anti-inflammatory and antioxidant
activity. Moreover, the European Food Safety Authority (EFSA) recently reported that the
intake of 8 mg ATX per day is safe [440], although no toxic effect has been shown with an
exceeded EFSA dose recommendation [437]. Nevertheless, although further clinical studies
are needed to complete the anticancer activity, ATX supplementation in the human diet has
been shown to regulate inflammatory activity [441], enhance the immune response [442],
reduce the risk of cardiovascular disease [443], promote eye health, and improve cognitive
function [444].

A common metabolic alteration in the tumor microenvironment is lipid accumulation,
which is associated with immune dysfunction [445]. In this line, the most studied ATX-
mediated pathways in humans are the low-density lipoprotein peroxidation and blood
lipid profiles, which increase atherosclerosis risk [446]. Moreover, the relation between
abnormal lipid metabolism and liver cancer has been demonstrated. In this regard, and
in line with animal experimentation, ATX could be a good candidate for hepatocellular
carcinoma, although further clinical data are necessary [345].

5.5. Fucoxanthin
5.5.1. In Vitro Studies

Previous in vitro studies have reported the anticancer activity of FX in gastrointesti-
nal cancers. In this line, FX has been shown to have growth-inhibitory effects on gastric
adenocarcinoma cells by suppression of cyclin Bl and myeloid cell leukemia 1 protein via
the JAK/STAT signaling pathway [447,448]. Additionally, the anticancer actions of this
carotenoid were associated with autophagy and apoptosis induction through an increase
in beclin-1, microtubule-associated protein 1 light chain 3, and cleaved caspase-3, and
a reduction in Bcl-2 in gastric cancer cells [449]. Similarly, the cytotoxic activity of FX
via up-regulation of autophagy and apoptosis was reported in B666-1 nasopharyngeal
cancer cells [450]. Regarding colon cancer, FX exhibited cytotoxic effects in HCT116 and
HT29 cells, demonstrating a higher cytotoxicity when the carotenoid was combined with
5-fluorouracil [451]. In addition, FX demonstrated anticancer properties by reducing beta-
glucuronidase activity in DLD-1 colorectal cancer cells [452]. Interestingly, fucoxanthinol
evidenced a more potent proapoptotic effect than FX in HCT116 cells via suppression of
NF-«B activation [453]. Additionally, other studies using FX nanogels or nanoparticles to in-
crease its bioavailability reported that these formulations exhibited a greater pro-oxidative
activity than free FX, stimulating ROS-triggered apoptosis in Caco-2 cells [454,455]. In
relation to hepatic cancer, FX in combination with cisplatin evidenced a higher antiprolifer-
ative activity than treatment with cisplatin alone in human hepatoma HepG2 cells through
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down-regulation of NF-kB expression as well as an increase in the Bax/Bcl-2 ratio [456]. In
the same cell line, an FX-rich fraction from the microalga Chaetoceros calcitrans (Bacillario-
phyta) demonstrated proapoptotic effects via inhibition of antioxidant gene expression and
MAPK signaling [457].

On the other hand, FX and its metabolite fucoxanthinol inhibited viability in two breast
cancer lines, the non-invasive MCF-7 and the invasive MDA-MB-231 cells, by inducing
apoptosis. These effects were more prominent with fucoxanthinol and correlated with
a suppression of NF-«kB pathway activation [458]. Moreover, FX reduced migration and
invasion of MDA-MB-231 cells as well as inhibited tumor-induced lymphangiogenesis
in human lymphatic endothelial cells [459]. In cervical tumors, FX was reported to have
cytotoxic activity in the human cervical cancer cell line HeLa through suppression of the
Akt/mechanistic target of rapamycin (mTOR) pathway and the subsequent autophagy
induction [460]. Additionally, the mechanisms underlying the proapoptotic effects of FX in
HelLa cells were associated with a down-regulation of PI3K/Akt, NF-«kB, and the oncogene
histone cluster 1 H3 family member [365,461,462].

Regarding lung cancer, FX exhibited growth inhibitory effects in several lung car-
cinoma cell lines by up-regulation of the proapoptotic genes PUMA (p53 up-regulated
modulator of apoptosis) and Fas, as well as suppression of Bcl-2 levels [361]. Moreover,
this carotenoid induced apoptosis in the human bladder cancer T24 cells via attenuation of
mortalin expression, which is considered as an antiapoptotic factor that binds to p53, thus
inhibiting its apoptotic activity [463]. Similarly, FX suppressed the mortalin—p53 interaction,
leading to p53 nuclear translocation and activation in different cancer cells [464]. This
carotenoid and its deacetylated product, fucoxanthinol, also exhibited antiosteosarcoma
activity via attenuation of migration and invasion and activation of apoptosis in different
osteosarcoma cell lines. The mechanisms underlying these effects may be related to down-
regulation of Akt and AP-1 pathways [465]. In relation to skin, the anticancer effects of FX
were demonstrated in mouse melanoma B16F10 cells, via cell cycle arrest in the GO/G1
phase and apoptosis induction [366] as well as metastasis inhibition [466]. Furthermore, FX
and ATX supressed TPA-induced neoplastic transformation of mouse skin JB6 P+ cells, an
in vitro model for tumor promotion, via activation of the Nrf2 pathway [467].

As regards central nervous system tumors, FX has been reported to inhibit cell prolif-
eration, invasion, and angiogenesis as well as induced ROS-triggered apoptosis in several
glioblastoma cells [468,469]. The molecular antitumorigenic mechanisms of FX involved
suppression of PI3K/Akt/mTOR and p38 signaling pathways as well as modulation of
the MAPK pathway [364,470]. In relation to B cell malignancies, FX and fucoxanthinol
exhibited antiproliferative and proapoptotic effects in Burkitt’s and Hodgkin’s lymphoma
cell lines through NF-«B activation with the consequent down-regulation of antiapop-
totic proteins (Bcl-2 and X-linked inhibitor of apoptosis protein), and cell cycle regulatory
proteins (cyclins D1 and D2) [471]. Similar results were described after treatment of pri-
mary effusion lymphoma cells with FX and its metabolite; in addition, their antineoplastic
actions were associated with suppression of PI3K/Akt and AP-1 activation [472]. Addi-
tionally, the proapoptotic activity of FX was demonstrated in HL-60 leukemia cells due
to its pro-oxidative effects and the subsequent down-regulation of the Bcl-xL signalling
pathway [473]. Moreover, the antileukemia activity of FX was confirmed in two cancer cell
lines representative of advanced stages of chronic myelogenous leukemia [474].

5.5.2. In Vivo Studies

Previous in vivo studies have demonstrated the protective effect of FX in colorectal
carcinogenesis. In this respect, FX at the dose of 30 mg/kg for 8 weeks was effective in
supressing adenocarcinoma incidence and development of the tumor microenvironment
in a model of inflammation-associated colorectal cancer by AOM/DSS [355]. In the same
model, these authors demonstrated that FX treatment reduced salivary glycine content
over time, suggesting that it may be a good predictor for cancer chemopreventive actions
of FX [356]. Additionally, the mechanisms involved in the anti-colon cancer effects of this
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carotenoid were related to modulation of gut microbiota [357], as well as an induction of
anoikis (detachment-induced cell death) though down-regulation of integrin signaling-
related proteins [358]. In addition, dietary FX for 5 weeks inhibited colon carcinogenesis
in DSS-treated ApcM"/* mice, a model of human familial adenomatous polyposis, by
down-regulating cyclin D1 levels [359].

Regarding lung cancer, the chemopreventive role of FX was demonstrated in a mouse
model of benzo(A)pyrene-induced lung cancer through apoptosis induction by enhanced
caspase 9 and 3 levels and reduced expression of Bcl2 protein [360]. Additionally, FX ad-
ministration at the dose of 50 mg/kg for 5 weeks attenuated A549 tumor xenograft growth
in nude mice via apoptosis induction [361]. Furthermore, a recent study demonstrated the
antimetastatic activity of FX in a lung metastatic tumor model in A549-bearing mice [362].

On the other hand, FX administered orally for 15 weeks (50 mg/kg) effectively in-
hibited carcinogenesis in a model of DEN-induced hepatocellular carcinoma in rats via
an increase in the endogenous antioxidant defence system [363]. In xenograft models,
this carotenoid administered at the dose of 200 mg/kg for 28 days showed antiprolifera-
tive and proapoptotic effects as well as reduced invasion and migration in a xenograft of
glioblastoma through suppression of PI3K/Akt/mTOR and p38 pathways [364]. In addi-
tion, oral administration of FX (10 and 20 mg/kg) for 5 weeks effectively inhibited tumor
growth in a cervical cancer xenograft model in nude mice [365]. Similarly, intraperitoneal
administration of this carotenoid suppressed melanoma tumor mass in B16F10 cell-injected
mice [366]. Additionally, FX exhibited antitumor growth and proapoptotic effects in mice
bearing sarcoma 180 xenografts through suppression of STAT3/epidermal growth factor
receptor signaling [367].

5.6. B-Cryptoxanthin
5.6.1. In Vitro Studies

Several in vitro studies evidenced the antiproliferative, antimigratory, and antiapop-
totic effects of BCX in different gastric cancer cells [368,369]. Likewise, this carotenoid
inhibited cell viability and induced apoptosis in HCT116 colon cancer cells [475], as well as
supressed the migration and invasion of lung cancer cells [372].

5.6.2. In Vivo Studies

Animal studies have demonstrated the chemopreventive effects of BCX in different
gastrointestinal cancers. In this regard, oral administration of BCX (5 and 10 mg/kg) for
20 days in a gastric cancer xenograft model in nude mice effectively inhibited tumor growth
and angiogenesis and induced apoptosis [369]. Similarly, this carotenoid in combination
with the chemotherapeutic drug oxaliplatin exhibited antitumor growth effects on nude
mice bearing HCT116 xenografts [475]. Another paper demonstrated that dietary BCX
for 24 weeks suppressed the progression of chemically and highly refined carbohydrate
diet-induced hepatocellular carcinoma in mice. The mechanisms underlying this effect
involved an increase in p53 acetylation, with the subsequent induction of apoptosis and
the reduction in HIF-1a and its down-stream targets, MMP-2 and MMP-9 [370].

As regards lung cancer, it has been demonstrated that dietary BCX (10 and 20 mg/kg
diet) reduced tumor size and multiplicity in a chemically induced lung cancer model via up-
regulation of the tumor suppressors SIRT-1, p53, and retinoic acid receptor-f3 [371]. Later,
these authors reported that pre-treatment with BCX supplementation (1 and 10 mg/kg
diet) supressed tumor promotion in a model of a nicotine-derived carcinogen-induced
lung tumorigenesis through down-regulation of nicotinic acetylcholine receptor a7, highly
involved in lung cancer development [372].

5.6.3. Human Studies

Finally, several human studies have described that high serum BCX levels were
associated with reduced risk of non-Hodgkin lymphoma [374], colon cancer [375], head
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and neck cancer [333], breast cancer [376], renal cell carcinoma [377], and lung cancer death
in current smokers [373].

6. Conclusions

Microalgae have widely drawn scientists’ attention since they are a rich source of
bioactive compounds. Their basic and cheap growth requirements make them attractive
to be used on a large scale by pharmaceutical, food, and cosmetic industries for health
promotion. Carotenoids are one of the most abundant components in microalgae and
have been shown to have significant beneficial effects for health. There are two types of
carotenoids: carotenes (hydrocabon carotenoids) and xanthophylls (oxygenate derivatives,
including ZX, ATX, EX, LUT, «- and BCX, and CX). A multitude of in vitro and in vivo
studies and some human studies have evidenced the anti-inflammatory, antioxidant, and
antitumor activities of microalgal carotenoids. In this regard, they have been reported to
have beneficial effects on many inflammatory diseases, including colitis, non-alcoholic fatty
liver, type 2 diabetes mellitus, asthma, arthritis, AMD, AD, and psoriasis, among others.
Furthermore, they have been demonstrated to exhibit chemopreventive effects in numerous
types of cancer, such as gastric, colon, liver, pancreas, skin, lung, glioblastoma, breast, and
prostate. However, further studies, including clinical trials, are required to better evaluate
the efficacy and safety of carotenoids and establish recommendations for optimal doses to
be used in the prevention and treatment of different inflammatory disorders and cancer.
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Abstract: Neurological disorders are diseases of the central and peripheral nervous system that affect
millions of people, and the numbers are rising gradually. In the pathogenesis of neurodegenerative
diseases, the roles of many signaling pathways were elucidated; however, the exact pathophysiology
of neurological disorders and possible effective therapeutics have not yet been precisely identified.
This necessitates developing multi-target treatments, which would simultaneously modulate neu-
roinflammation, apoptosis, and oxidative stress. The present review aims to explore the potential
therapeutic use of astaxanthin (ASX) in neurological and neuroinflammatory diseases. ASX, a mem-
ber of the xanthophyll group, was found to be a promising therapeutic anti-inflammatory agent for
many neurological disorders, including cerebral ischemia, Parkinson’s disease, Alzheimer’s disease,
autism, and neuropathic pain. An effective drug delivery system of ASX should be developed and
further tested by appropriate clinical trials.

Keywords: astaxanthin; neuroprotective agent; oxidative stress; neuroinflammation; neurological
diseases

1. Introduction

Marine carotenoids are highly antioxidant, reparative, antiproliferative, and anti-
inflammatory and can be applied as photo-protective skin to inhibit harmful ultraviolet ra-
diation effects [1,2]. Non-photosynthetic marine species are unable to produce carotenoids
de novo, except for marine autotrophic organisms [3]. Several studies have already reported
that marine animals may either accumulate carotenoids directly from food or partially
modify them through the metabolic pathways [4,5]. Consequently, carotenoids obtained
from several marine species act on various pathways, including the conversion of metal
derivatives into harmless molecules, converting hydroperoxides into more stable com-
pounds, acting as quenchers of singlet molecular oxygen, and preventing the formation
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of free radicals through the block of free radical oxidation reactions and inhibition of the
auto-oxidation chain reaction [3,6,7].

Astaxanthin (ASX) is one of the marine carotenoids, which was originally isolated by
Kuhn and Sorensen from a lobster [8]. ASX exists everywhere in nature; however, it partic-
ularly presents as a red-orange pigment in several marine animals, including salmonids,
shrimp, and crayfish [9,10]. While plants, microbes, and microalgae may also produce ASX,
the Haematococcus pluvialis chlorophyte algae are known to have the highest potential to
accumulate ASX [11-14]. Nowadays, there are many synthetics ASX; nevertheless, health
concerns have arisen concerning the use of synthetic ASX for medical purposes. ASX is
closely related to other carotenoids, including zeaxanthin, lutein, and (3-carotene; therefore,
it shares many similar biological functions [3,15,16]. Previously, it has been reported that
ASX is biologically more active than the aforementioned carotenoids [17-19]. ASX has been
previously reported to have therapeutic anticancer, antidiabetic, anti-inflammatory, and
antioxidant activities, and neuro-, cardiovascular, ocular, and skin-protective effects [20].

In terms of neurological protective effects, many studies have mentioned the role
of ASX in neurological disorders, including cerebral ischemia, Parkinson’s disease (PD),
Alzheimer’s disease (AD), autism, and neuropathic pain, which we will discuss in the
following sections [21-23]. In this review, we aimed to explore the potential therapeutic
use of ASX in neurological and neuroinflammatory diseases.

2. Bioavailability and Pharmacokinetics of Astaxanthin

The administration of ASX with dietary oils, particularly fish oil, may promote the ab-
sorption of ASX and enhance the neutrophil’s phagocytic activity [19,24]. Studies showed
enhanced bioavailability and antioxidant effects of ASX when administered alongside olive
oil in rats [25,26]. Moreover, Otton and his colleagues [27] reported that ASX administration
with fish oil reduced the production of nitric oxide (NO) and increased the release of cal-
cium, superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx). Owing to
the lipophilic nature of ASX, it was thought that ASX transforms metabolically in the rats’
tissues before it is extracted [28].

It was observed that a high-cholesterol diet might improve the absorption of ASXin
humans, which is transported into the liver via the lymphatic system. Matrix dissolution
and mixed micelles integration are two essential steps leading up to membrane absorp-
tion [24]. It should be incorporated with chylomicrons after absorbing it by intestinal
mucosal cells to be transported to the liver. After that, ASX is integrated and transferred to
the tissues by lipoproteins [29]. Okada et al. [30] reported that smoking could significantly
reduce the half-life of ASX, indicating that smoking enhances the metabolism and elimina-
tion of ASX. This finding was confirmed by many investigators who demonstrated that the
half-life of carotenoids is significantly affected by smoking [31,32]. The reported half-life of
plasma ASX ranged between 16 and 21 h [28,33]. In terms of tolerability, Odeberg et al. [34]
reported that a single dose of 40 mg for healthy volunteers was well-tolerated.

3. Astaxanthin for Neurological Disorders
3.1. Alzheimer’s Disease

AD is a chronic and serious neurodegenerative disease characterized by impairment
of memory and cognitive function. In recent decades, the prevalence of AD has risen
significantly [35,36]. It may have a huge effect and obstacles on the well-being and the
ability to lead a healthy life by the affected patients [37,38]. The excessive accumulation
of B-amyloid protein (Af) in the cerebral cortex and hippocampus is one of AD’s main
features [39]. AB contributes to oxidative stress production by forming reactive oxygen
and nitrogen species [40]. Many adverse effects are related to oxidative stress produc-
tion, including the formation of neurofibrillary tangles, inflammation, apoptosis, protein
oxidation, and lipid peroxidation [41,42]. As a result of these disturbances, a reduction
in cognitive functions can be developed in response to the significant damage of neural
connections between the cerebral cortex and the hippocampus [43]. Many researchers
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have proposed antioxidants supplementation to prevent oxidative stress” adverse effects by
enhancing the endogenous oxidative defense [44-46]. Previous studies have demonstrated
the potential effective role that ASX might have in the management of AD. A previous
study by Taksima et al. [47], where the authors used ASX powder obtained from shrimp
shells (Litopenaeus vannamei), showed that Wistar rats with AD had significantly improved
levels of their cognitive abilities. ASX has significantly enhanced spatial and non-spatial
memory and reduced neurodegeneration, assessed by the object recognition test and A3
plaque level [47]. It was thought that ASX might improve GPx activity, which was observed
to be suppressed due to mitochondrial dysfunction and A3 accumulation [47,48].

Moreover, ASX participates in reducing protein carbonyl and malondialdehyde (MDA)
levels, which result from the destruction of polyunsaturated fatty acids by the reactive oxygen
species (ROS) and act on inducing neuronal deterioration [49,50]. Likewise, the role of ASX in
the elimination of superoxide anion has been reported [51]. In AD, many reports have linked
the production of ROS and neuronal death due to the formation of senile plaques [52,53].
Compared to the vehicle-AD group, it has demonstrated a significant reduction in hippocam-
pal and cortical neuronal loss in the oral ASX group [47,54]. In the same context, Che et al. [55]
reported that after application of synthesized ASX, their double transgenic mice (APP/PS1)
showed improved cognitive abilities by reducing neuroinflammation and the related oxidative
distress, which is a major cause that can inaugurate the mechanism and impact the prognosis
of AD [56,57]. A study has shown that the number of references and working memory errors
has significantly reduced in APP/PS1 treated with ASX. Moreover, ASX has improved the
APP/PS1 behavior, reduced the hippocampal and cortical A numbers, and decreased the
soluble and insoluble A3 40 and A(3 42 levels [55]. These changes were accompanied by a
significant elevation in the level of superoxide dismutase (SOD) and a significant decline in
the nitric oxide (NO) and nitric oxide synthase (NOS) levels. Interestingly, it was reported that
ASX might induce a significant suppression of p-Tau expression; however, it did not affect the
regulation of p-GSK-3f3 expression [58]. ASX possesses a powerful anti-inflammatory activity
that abolishes the expression of inflammatory mediators, including TNF-«, PGE2, and IL-13,
and inhibits the development of nitric oxide (NO) as well as the NF-kB-dependent signaling
pathway [36,59].

Other studies have described similar anti-inflammatory effects of astaxanthin via using
different laboratory models. ASX, at a dose of 50 uM, declined the release of inflammatory
mediators in activated microglial (BV-2 cell line) cells via the regulation of NF-kB cascade
factors (e.g., p-IKK«, p-IkBe, and p-NF-«kB p65, IL-6, and MAPK) [60].

In terms of cytokines, ASX sub-retinally reduced the level of TNF-« but not IL-
1 [55,61]. Furthermore, ASX has been reported to be effective in terms of apoptosis
suppression in APP/PS1 mice, as it suppresses the expression of caspase-9 and caspase-3
proteins [55]. The favorable effects of ASX in decreasing any potentially present oxidative
stress are owed to the capability to pass the blood-brain barrier, enabling it to perform its
favorable effects. The exact mechanism explaining the anti-inflammatory actions of ASX
is not well understood. However, many studies have reported some observations that
might help understand it. A previous investigation by Wang et al. [62] reported that ASX
significantly reduced oxidative stress and reduced the present ischemia, which occurred
secondary to brain injury. Via the ERK1/2 pathway, ASX also induced the expression of the
Ho-1 enzyme (which has antioxidant properties), reducing cell death and protecting neu-
roblastoma cells that were susceptible to injury [62]. The favorable effects of ASX were also
demonstrated by Wen et al. [63], that showed the neuroprotective role that this compound
plays in the hippocampal HT22 cells of their mice also by increasing the expression of Ho-1
antioxidant activities. Another mechanism for enhancing the cognitive ability in rats with
AD is the inhibition of glutathione-induced cell death, which has been previously reported
to take part in the prognosis and AD severity [64,65]. Moreover, ASX demonstrated the
protective effects on mitochondria’s double membrane system with boosting efficient en-
ergy production [9,66]. Specifically, ASX protected the mitochondria of cultured nerve
cells from toxic attacks and increased mitochondrial activity through enhanced oxygen
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consumption without increased reactive oxygen species production [66—68], indicating
its potential efficacy in the management and possible prevention of neurodegenerative
diseases and neuroinflammation [9,69].

Hongo et al. [58] used a new AD model, the AppN"CF mice model, which is associated
with mild memory decline, microglial formation, increased level of p-Tau, and accumulation
of Ay in the hippocampus. Their findings indicated that ASX significantly reduced the
Apy4 deposition, p-Tau, and Ibal fraction. On the other hand, it increased the glutathione
biosynthesis, leading to an increase in the hippocampal parvalbumin-positive-positive neuron
density, which plays a significant role in gamma oscillation production [70]. According to
a recent study, gamma oscillations’ optogenetic or sensory activation led to the decline of
AP peptides in the hippocampus of the AD mouse model (5XFAD mouse) due to microglial
activation and the resulting increase in Af3 microglial uptake [71]. A reduction in the Ibal
fraction may be attributed to reducing Ap42 precipitation in ASX-fed AppNL-G-F mice as
microglia accumulate around Af deposition [72]. Regarding the effect of ASX on p-Tau,
two pathways were suggested: the amyloid cascade theory and the autophagy-mediated
degradation [73]. The p-Tau fraction was positively correlated with the A342 fraction, which
supports the amyloid cascade theory [58]. The promotion of nuclear factor erythroid 2-related
factor 2 (Nrf2)/antioxidant response element (ARE) by ASX, resulting in reducing p-Tau,
suggested the effect of ASX on the autophagy [74]. In AD-like model rats, which were induced
using hydrated aluminum chloride (AlCI3.6H20) solution, Hafez and her colleagues showed
that ASX significantly reduced the disposition of A31-42, the level of MDA, the activity of
acetylcholinesterase and monoamine oxidase, and the expression of (3-site amyloid precursor
protein cleaving enzyme 1 (BACE1). Moreover, ASX significantly elevated the miRNA-124
expression, Nrf2 upregulation, and the content of serotonin and acetylcholine [75]. Figure 1
summarizes the aforementioned mechanisms of ASX in AD.
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Figure 1. Astaxanthin mechanism of action in Alzheimer’s disease. AB: Amyloid beta, APP: 3-amyloid
precursor protein, ASX: Astaxanthin, NF-«B: Nuclear factor-kappa B, TNF-o: Tumor necrosis factor-
alpha, IL: Interleukin, Ibal: Ionized calcium-binding adaptor molecule 1, GFAP: Glial fibrillary acidic
protein, STAT3: Signal transducer and activator of transcription 3, JAK2: Janus Kinase 2, GSK3f3:
Glycogen synthase kinase 3 beta, p-Tau: Phosphorylated tau, Bcl-2: B-cell lymphoma 2, Bax: Bcl-2-
associated X protein, Nrf2: Nuclear factor erythroid 2-related factor 2, GAS: Glyoxylate, anapleurotic
and succinyl CoA, OH: Hydroxide, Keap1: Kelch-like ECH-associated protein 1, Akt: Protein kinase B.
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3.2. Parkinson’s Disease

PD is the second most common neurodegenerative disorder [76]. It is age-related
and is caused by oxidative stress and neuroinflammation [77]. The global prevalence of
PD is estimated to be 0.1-0.2%, which increases with age (>80 years old) up to 3% [78,79].
PD occurs mainly due to the motor and non-motor dysfunctional disorders, which are
attributable to loss of the dopaminergic neurons, the devastation of the non-dopaminergic
ones, and the accumulation of the alpha-synuclein, which is the major component of
Lewy bodies and plays a significant role in the development and progression of PD [80,81].
There are strong evidences that firstly, it affects the vagus nerve motor nucleus, the olfactory
bulbs, and the nucleus, then the locus coeruleus, and thus, finally, the substantia nigra.
Cortical regions of the brain at a later point are impaired. Damages to these particular neural
structures are the result of numerous pathophysiological alterations that not only affect the
engine system, but also neurological and neuropsychological systems [82]. Although many
treatment modalities are currently approved for PD management, many adverse events
have been associated, and therefore, many approaches have been made to discover novel
multi-targeting modalities to treat PD properly. In the last decade, numerous miRNAs
have been recognized and suggested as key gene expression regulators in human cells [83].

Almost all genes related to PD have been observed to be mediated by miRNAs, in-
cluding alpha-synuclein (SNCA), LRRK2, and several transcription and growth factors [84].
MiR-7 was found to influence the SNCA accumulation and engaged with the PD etiol-
ogy [85]. MiR-7 decreasing of the SN area was known as a therapeutic indicator of PD,
not only involving SNCA accumulation but also dopaminergic neuron loss and miR-7
replacement therapy [86]. This was indicated by Shen et al. [87], who reported that ASX
could decrease the previously induced stress in the endoplasmic reticulum by acting on
the miR-7/SNCA axis to reduce the potential nerve damage that may be caused by PD.
SNCA is the main gene that is usually responsible for the development and early initiation
of PD. During the initiation and development of multiple neurodegenerative disorders
like PD, miRNAs are presented spatially and temporally, suggesting that miRNAs play a
key role in PD pathogenesis. In vivo, they also found that ASX has a potential protective
effect against the neuron injury induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) via a miR-7/SNCA axis. On the other hand, the favorable events of ASX were
not reported in the animal study by Grimmig et al. [88] that reported that the compound’s
efficacy was limited in aged animals with PD as it was not able to counteract the toxicity
of MPTP. However, they found that in both young and aged mice, the neuronal damage
in the substantial nigra was prevented by ASX. Therefore, they suggested that any clini-
cal recommendations for PD should take aging as an important factor. Previous studies
have investigated the potential effects that modified ASX compounds might have on PD.
These compounds include the docosahexaenoic acid (DHA)-acylated ASX ester and ASX
in combination with the non-esterified ASX and DHA.

Evidence shows that the first compound’s efficacy was significantly better than the
latter one in reducing the development of MPTP-induced PD in mice [89]. Wang et al. [89]
also proved that DHA-ASX could significantly reduce the progression of PD by reducing
the apoptotic phenomena of the dopamine neurons by acting through the P38 MAPK and
JNK pathway (Figure 2). Although the three ASX-derived compounds showed favorable
events in reducing oxidative stress, DHA-ASX was the only significant compound that can
limit PD progression by reducing cell apoptosis. A previous study also indicated ASX’s
ability to inhibit the activities of the mitogen-activated protein kinase and P13K/AKT,
which might favor its actions on many neurological diseases, such as PD [90]. Moreover, it
has been indicated that ASX also has anti-oxidative stress that is attributable to MPP mech-
anisms in PC12 cells by acting through the NOX2/HO-1 and NR1/SP1 pathways [91,92].
Previous studies indicated the favorable events of ASX that showed that ASX administra-
tion is associated with decreased reactive oxygen species synthesis, reduced mitochondrial
dysfunction, and reduced cellular apoptosis [93,94].
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Figure 2. Astaxanthin mechanism of action in Parkinson’s disease. NF-«B: Nuclear factor-kappa B,
TNEF-o: Tumor necrosis factor-alpha, Akt: Protein kinase B, ASX: Astaxanthin, ROS: Reactive oxygen
species, RTK: Receptor tyrosine kinase, PIP3: Phosphatidylinositol-3,4,5-triphosphate, PI3K: Phos-
phatidylinositol 3-kinase, JNK: c-Jun N-terminal kinase, CREB: cAMP Response Element-Binding
Protein, PTEN: Phosphatase and tensin homolog deleted on chromosome 10, MPTP: 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine, VMAT: Vesicular monoamine transporter, DAT: Dopamine
transporter, SNCA: Alpha-synuclein.

3.3. Neuropathic Pain and Central Nervous System Injuries

Neuropathic pain develops when a disorder or an injury occurs within the somatosen-
sory pathway, stimulating the underlying affected neurons [95]. Neuropathic pain devel-
opment was previously explained by many mechanisms and pathways, mainly dependent
on the effector mediator. Many inflammatory mediators, such as prostaglandins, cytokines,
and reactive oxygen species, in addition to the neuromodulators, which mainly include
glutamate, have been frequently observed in such painful events [96-99]. These factors can
cause pain through apoptosis, neuron firing, and impacting many structures and processes,
such as microglia, astrocytes, and ion currents [100]. Although many treatment modalities
can be used to manage neuropathic pain, approaching to obtain favorable modalities that
may have more advantages is essential to enhance the quality of care. One of the treatment
modalities that has shown successful results recently is counteracting the neuroinflam-
matory process. Gugliandolo et al. [101] found that reversing the neuroinflammation
was protective against peripheral nerve injury and neuropathic pain in an experimental
study. In terms of experimental studies on ASX, Keudo et al. [51] reported that favorable
effects of reducing pain in carrageenan-induced pain and edema in mice were significantly
associated with ASX that was also obtained from Litopenaeus vannamei and was efficacious
in reducing the painful sensations and inflammation. Sharma et al. [102] supported this by
concluding that ASX reduced the oxidative stress that resulted in behavioral and chemical
alternations in vivo and in vitro experiments, where the objects suffered from induced
neuropathic pain.

Moreover, the effective anti-inflammatory effects of ASX were further proven by its
ability to reduce chronic pain by reducing the potential thermal hyperalgesia and the
possible presence of depressive symptoms in the affected mice [103]. Another report by
Fakhri et al. [104] showed that ASX is able to significantly inhibit ERK1/2 and activate
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protein kinase B (AKT), which, in turn, are responsible for initiating chemical and thermal
painful sensations. Another potential mechanism of ASX actions is that it blocks the
inflammatory signaling and reduces the associated mediators as glutamatergic-phospo-p38-
mitogen-activated protein kinase (p-p38MAPK) and NR2B [105]. Long-standing exposure
of neurons to glutamate contributes to cell death [106]. There are many adverse effects
attributed to the neuronal exposure to glutamate, including neuronal damage triggered
by L-glutamate, retinal ganglion cells death due to glutamate stress, and cytotoxicity of
HT22 cells, which is mediated by mitochondrial dysfunction, inactivation of caspase, and
dysregulation of the AKT/GSK-3b signaling pathway [107-110]. Fortunately, ASX provides
neuroprotective effects against all of these adverse effects. In cases of spinal cord injury (SCI),
it is known that NMDARs subunits like NMDARs 2B (NR2B) and glutamate participate in
the neuropathy pain pathway [99,111]. NR2B is a cation channel that is essential for many
forms of synaptic plasticity and mediates the neurotransmission of glutamate and many
other aspects of development and synaptic transmission in neuropathy pain [112].

However, NR2B activation can be toxic for the spinal cord. It has been proposed
that ASX participates in reducing neuropathic pain by inhibiting the glutamate-initiated
signaling pathway through decreasing the expression of NR2B and p-p38MAPK [2,105,113].
Moreover, ASX inhibits the MIF, p-p38MAPK, p-ERK, and AKT pathways and stimulates
the p-AKT and ERK pathways [114]. MIF upregulates NR2B; therefore, it can be consid-
ered a major mediator of neuropathic pain, and it has been shown by several cell lines
in the peripheral and central nervous system, especially within cells located in sensory
transmission regions [115]. Furthermore, in response to tissue damage and stress, it is
dramatically elevated, often reaching concentrations about 1000 times higher than other
cytokines causing pain [116]. In general, in view of its antioxidant, anti-inflammation, and
anti-apoptotic mechanisms, ASX may be considered a new prospect for lowering neuro-
pathic pain in animal models. The reduction of NR2B and MIF, which are very significant
in the occurrence of neuropathic pain after SCI, may be partly involved (Figure 3).

( r w A
GABA, Receptor NR;B ‘% Chemokine R
Oﬂ Oﬂ
£ e — d
(&)
~~

|
o
=—0 | ]

Bax/BCL-2
—t @

Figure 3. Astaxanthin mechanism of action in neuropathic pain. Bcl-2: B-cell lymphoma 2, Bax:
Bcl-2-associated X protein, Nrf2: Nuclear factor erythroid 2-related factor 2, Akt: Protein kinase B,
ASX: astaxanthin, CREB: cAMP Response element-binding protein, MERK: Mitogen-extracellular
signal-regulated kinases, MIF: Macrophage migration inhibitory factor, NR2B: N-methyl D-aspartate
receptor subtype 2B, GABA: Gamma-aminobutyric acid.
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3.4. Autism

The prevalence of autism has recently increased, with many social, behavioral, and com-
municational burdens over the affected patients and the surrounding individuals [117-119].
In addition to having many neurodegenerative events being involved in its mechanism [120-122],
autism is also associated with increased levels and frequencies of synthesis and release of various
proinflammatory mediators [123]. Gastrointestinal (GI) symptoms are common among autism
patients. The gut microbiota regulates neuropsychological functions, intestinal homeostasis,
and functional GI disturbances through the microbiota-gut-brain axis [124]. Moreover, previous
studies have suggested that patients with autism might have an underlying degree of oxidative
stress [125-128]. Consequently, previous studies have demonstrated that ASX might have a
potential role in reducing the inflammatory state and oxidative stress that might be present in
autistic patients [129,130]. Furthermore, it was believed that ASX could significantly reduce
bacterial loads and attenuate gastric inflammation in mice infected with H. pylori, and increase
the production of IgA antibody-secreting cells in the small intestine of mice. Therefore, ASX
could have a potential in the prevention or treatment of dysbiosis and its associated diseases like
autism, AD, and PD [131].

Fernandez et al. [132] previously suggested the administration of carotenoids as rou-
tine food in patients with autism to reduce the potential oxidative stress and inflammatory
state. Al-Amin et al. [133] also reported that ASX reduced the actions of catalase activities,
restricted lipid peroxidation, and reduced the levels of nitric oxide, which are involved
in developing oxidative stress. This has led to a significant enhancement in the assessed
behavioral parameters and a significant increase in the assessed paw withdrawal latency
in the studied mice that suffered from autism, secondary to valproic-acid induction [133].

3.5. Cerebral Ischemia

Prolonged cerebral ischemia can lead to the development of irreversible adverse events.
Previous investigations demonstrated a potential impact of ASX carotenoid for reducing
the severity of cerebral ischemia and potentiating the chances of brain tissue recovery.
Xue et al. [134] reported that ASX was significantly able to reduce ischemia and improve
the cognitive and learning abilities in their model of mice that were subjected to repeated
cerebral ischemia by reducing apoptosis and hippocampal damage. Some mechanisms can
explain the prevention of brain disorders by ASX by enhancing reperfusion rates following
ischemia. These include activation of the Nrf2-ARE pathway, reducing the reactive oxygen
species levels, reducing apoptosis, and enhancing nerve regeneration [135].

Moreover, evidence shows that ASX possesses an essential role in providing the
necessary oxygenation for the apoptotic brain tissue through the GSK3f /PI3K/Nrf2/ Akt
pathways [136]. Wang et al. [135] confirmed this by indicating that ASX was able to enhance
the prognosis and motor functions through the cAMP /protein kinase A (PKA)/cAMP
response element-binding protein (CREB). Previous studies also showed that ASX has
protective roles in acute cerebral infarctions and brain injury [137,138].

4. Potential of Astaxanthin in Counteracting Neuroinflammation

A huge body of literature supports the role of ASX in preventing neuroinflammation,
which makes it a potential candidate for further testing in various neurological disorders,
where neuroinflammation plays a key role in disease pathology and progression, including
AD, PD, nerve injury, cerebral ischemia, and autism.

For example, Che et al. [55] reported improved cognitive abilities in AD transgenic
mice by reducing neuroinflammation and the related oxidative distress [56,57], and Kidd
et al. [9] reported similar favorable results on the mitochondria and microcirculation [69].
Gugliandolo et al. [101] also reported that reversing the neuroinflammation was effective
in protecting against peripheral nerve injury and neuropathic pain. Similarly, counteract-
ing the neuroinflammation has recently been shown to improve recovery in Parkinson’s
disease experimental models [139]. Impellizzeri et al. also reported that reversing the
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neuroinflammation was an alternative strategy for the treatment of cerebral ischemia and
particularly for vascular dementia.

Based on the aforementioned ASX mechanisms of actions, the promising findings in
experimental studies, and the fact that neuroinflammation plays a key role in AD, PD, nerve
injury, cerebral ischemia, and autism, we support the advancement of this neurotherapeutic
candidate to further testing in clinical trials.

5. Safety of Astaxanthin

Many studies reported that ASX is safe and has no side effects or toxic effects when
accumulating in animal or human tissues [26]. However, excessive consumption of ASX
may lead to altering the pigmentation of the skin of animals [24]. The accumulation of
ASX was also observed in the eyes of the rats [140]. Administration of ASX was associated
with increased antioxidant enzymes and reduced blood pressure in hypertensive rats [141].
As a feed additive, the United States Food and Drug Administration (FDA) approved ASX
at up to 80 mg/kg, while the European Food Safety Authority (EFSA) approved up to
100 mg/kg [142].

In terms of daily intake, it was reported that 0.034 mg/kg/day of natural ASX is the
acceptable daily intake in humans [143]. However, recent clinical trials reported favorable
outcomes with higher doses up to 8 mg per day or even higher [144,145]. In a safety report,
the investigators have assessed more than 80 clinical trials to detect the side effects and
safety concerns of ASX [146]. Their findings highlighted that there were no serious adverse
effects reported in any one of the evaluated studies, even in the studies that administrated
high doses of ASX (up to 45 mg) [147]. Some mild adverse events such as increased
frequency of bowel movements were reported [148]. Moreover, there was no detectable
change in the liver parameters [149].

6. Conclusions

ASX, a ketocarotenoid extracted from marine carotenoids, provides various health
benefits in a wide variety of diseases. As a multi-target neuroprotective agent, ASX tackles
neurodegenerative diseases’ pathophysiology through antioxidant, anti-inflammatory, and
anti-apoptotic mechanisms. Moreover, through its fat-soluble properties, ASX would be
able to effectively pass through the blood-brain barrier. Therefore, ASX seems to be an
excellent candidate for more evaluation of the neuroprotective properties, which would
eventually result in ASX becoming a novel neurotherapeutic agent. Although the current
evidence supports the neuroprotective pharmacological effects of ASX, there is a lack of
an effective drug delivery system in the previous studies. Therefore, future clinical trials
should be conducted to examine the possible delivery methods. Moreover, there is a need to
further investigate the precise pathophysiological pathways involved in neurodegeneration
and the possible neuroprotective mechanisms of ASX in humans.
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Abstract: Algae are considered pigment-producing organisms. The function of these compounds in
algae is to carry out photosynthesis. They have a great variety of pigments, which can be classified
into three large groups: chlorophylls, carotenoids, and phycobilins. Within the carotenoids are
xanthophylls. Xanthophylls (fucoxanthin, astaxanthin, lutein, zeaxanthin, and p-cryptoxanthin) are a
type of carotenoids with anti-tumor and anti-inflammatory activities, due to their chemical structure
rich in double bonds that provides them with antioxidant properties. In this context, xanthophylls can
protect other molecules from oxidative stress by turning off singlet oxygen damage through various
mechanisms. Based on clinical studies, this review shows the available information concerning
the bioactivity and biological effects of the main xanthophylls present in algae. In addition, the
algae with the highest production rate of the different compounds of interest were studied. It was
observed that fucoxanthin is obtained mainly from the brown seaweeds Laminaria japonica, Undaria
pinnatifida, Hizikia fusiformis, Sargassum spp., and Fucus spp. The main sources of astaxanthin are the
microalgae Haematococcus pluvialis, Chlorella zofingiensis, and Chlorococcum sp. Lutein and zeaxanthin
are mainly found in algal species such as Scenedesmus spp., Chlorella spp., Rhodophyta spp., or Spirulina
spp. However, the extraction and purification processes of xanthophylls from algae need to be
standardized to facilitate their commercialization. Finally, we assessed factors that determine the
bioavailability and bioaccesibility of these molecules. We also suggested techniques that increase
xanthophyll’s bioavailability.

Keywords: carotenoids; xanthophylls; natural compounds; algae; bioactive; health

1. Introduction

In recent years, consumer demand for naturally sourced products to promote health
and reduce disease has grown steadily [1]. This demand has entailed an increased interest
in new natural sources of food, pharmaceutical, and cosmetic products [2,3]. In this context,
the marine environment has been considered a potential reservoir of natural compounds [4].
Among the organisms present in this environment, it is worth highlighting algae. Algae
constitute a polyphyletic group of photosynthetic primary producers organisms, which
represent an interesting source of chemical components with high-value biological activ-
ities. [5]. Although the total number of algal species is unknown, it is thought to vary
between one and ten million [6].

The high value of algal extracts is due to their large number of molecules such as
carbohydrates, proteins, peptides, lipids (including oils and polyunsaturated fatty acids,
PUFAs), minerals, iodine, phenols (polyphenols, tocopherols), alkaloids, terpenes, and
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pigments (as chlorophylls, carotenoids, and phycobilins) [7,8]. Within these compounds,
one of the groups with greater interest are pigments due to the concentrations in which they
are present, these being higher than that of other compounds such as phenolic compounds.
In fact, algae are considered pigment-producing organisms. They have a great variety
of pigments, which can be classified into three large groups: chlorophylls, carotenoids,
and phycobilins. Therefore, different carotenoids (CA) profiles can be used as a medium
for algal classification [9]. In this way, a first classification of the algae allows us to
make a division according to the size of the algae (microalgae or macroalgae) and the
following divisions according to their tones, among other characteristics. As a result,
the first group comprises greenish algae (Cyanophyceae), green algae (Chlorophyceae),
diatoms (Bacillariophyceae), and golden algae (Chrysophyceae), among others. Meanwhile,
the macroalgae family includes red (Rhodophyta), brown (Ochrophyta), and green algae
(Chlorophyta) [10-12]. This diversity of species and, therefore, of its chemical compositions
is interesting, since once compounds are properly isolated or extracted from algae, they may
show a diverse range of biological activities, such as antioxidant, antimicrobial, anticancer,
anti-allergic, antiviral, and anticoagulant activities, among others [7,8]. This diversity of
biological activities implies that there is also a significant variety of potential applications in
human health, agriculture, and in food and cosmetic industries [4], in which its application
depends on its chemical composition.

On an industrial scale, the most interesting species are those that produce high percent-
ages of CA. CA are usually located in chloroplasts or stored in vesicles and a cytoplasmic
matrix of plants, algae, photosynthetic bacteria, and some fungi [9]. All CA are tetrater-
penes, which are compounds that have a skeleton composed of 40 carbon atoms conjugated
in polyene chains [9]. They are classified into two main groups: (i) compounds that have a
hydrocarbon long chain known as carotenes and (ii) compounds that have an oxygen atom
in its structure, known as xanthophylls. The first group includes x-carotene, 3-carotene,
lycopene, and phytoene, among others. The most representative molecules of the second
group are fucoxanthin, astaxanthin, lutein, zeaxanthin, and p-cryptoxanthin. This differ-
ence in its structure makes xanthophylls more polar than carotenes due to the presence
of oxygen in the form of methoxy, hydroxy, keto, carboxy, and epoxy positions. However,
except for lutein, they are still non-polar compounds [13]. Its structure with alternating
double bonds is responsible for many of its biological functions, being the main function in
photosynthetic organisms to act as accessory pigments for the capture of light in photo-
synthesis, and to protect photosynthetic machinery against self-oxidation [14]. However,
despite the wide diversity of molecules in the carotenoid family, with more than 700 com-
pounds currently known, only about 30 CA have a significant role in photosynthesis [13].
In recent years, numerous studies have highlighted CA multiple effects on human health
due to their antioxidant properties, preventing the damage caused by oxidative stress and
therefore declining the risk of chronic diseases [14,15]. However, the biological properties
of CA are not limited to their antioxidant properties. The scientific literature has shown CA
actions as anti-tumor [16-18], anti-inflammatory [19,20], neuroprotective, antimicrobial,
antidiabetic, and antiobesity [21,22]. Therefore, algae have several CA with market interest
(B-carotene, fucoxanthin, astaxanthin, lutein, zeaxanthin, and violaxanthin), representing a
natural and sustainable source of these compounds [9].

Among the xanthophylls of interest is fucoxanthin, which is one of the most abundant
marine CA, accounting for approximately 10% of the total production of natural CA [23]. It
is found in abundant concentrations in the chloroplasts of several brown seaweeds, such as
Laminaria japonica, Undaria pinnatifida, Sargassum fusiformis, in several species belonging to
the genera Sargassum (Sargassum horneri) and Fucus (Fucus serratus, Fucus vesiculosus) and
in diatoms (Bacillariophyta) [9,24-26]. Another xanthophyll of interest is astaxanthin (AS),
which is a red pigment. AS is considered a potent antioxidant as it has about ten times
more antioxidant activity than other CA [27]. The main natural sources of this pigment
are the microalgae Haematococcus pluvialis, Chlorella zofingiensis, and Chlorococcum sp. [28].
H. pluvialis is a single-celled green freshwater alga. It is the richest source of natural AS
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and is already produced on an industrial scale [26]. Procedures have been technologically
advanced to grow Haematococcus containing 1.5-3.0% AS dry weight [27,29]. The richest
source of 3-carotene is the halotolerant green microalgae Dunaliella salina, accumulating
up to 10% of it based on the dry weight of the microalgae [30,31]. When H. pluvialis
and D. salina are cultivated in extreme conditions (such as high salinity, high luminosity,
or lack of nutrients), AS and (3-carotene, respectively, can reach more than 90% of the
total carotenoids [7]. Lutein and zeaxanthin are pigments found in algal species such as
Scenedesmus spp., Chlorella spp., Rhodophyta spp., or Spirulina spp. respectively [32]. Esteban
etal., 2009 [33], reported that red algae (Rhodophyta) show a common carotenoid pattern of
[3-carotene and one to three xanthophylls: lutein, zeaxanthin, or anteraxanthin. Corallina
elongata and Jania rubenseran were the only algae that contained anteraxanthin as the main
xanthophyll. Spirulina platensis (strain pacifica) microalgae is a source of 3-cryptoxantine, (3-
carotene, and zeaxanthin. 3-cryptoxantine is a pigment that can also be found in plants [34].
The siphonaxanthin content in green algae such as Umbraulva japonica, Caulerpa lentillifera,
and Codium fragile constitutes about 0.03%-0.1% of the dry weight [35]. The cyanobacteria
Synechococcus sp. strain PCC7002 produces a monocyclic myxoxanthophyll, which is
identified as Myxol-2 Fucoside (Myxoxanthophyll), in addition to producing other CA such
as [3-carotene, zeaxanthin, and sinecoxanthin [36]. The CA composition in cyanobacteria
is very different from that of other algae, including for example 3-carotene, zeaxanthin,
myxol pentosides, and echineone [32].

Animals should get all these CA through the diet, as they are unable to synthesize
them. CA are commonly incorporated as dietary supplements, feed additives, and food
colorants in several sorts of food, such as dairy products and beverages, and also in the
pharmaceutical and cosmetic industries [37]. As shown in Figure 1, CA have a high
repertoire of commercial applications due to their multiple biological properties. Among
the most notable applications are cosmetic, nutraceuticals, pharmaceutical purposes, and
other human applications.
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Soil degradation
Depletion of natural resources
Biodiversity loss

Aplications

Food colorant
e Pharmacology
Dietary supplements
Feed additives
Inmunity booster

- Cosmetics
Natural carotenoids
—— | (carotenes and
xanthophylls)
Algae and Biological activities
microalgae
Anti cancer
Antioxidants
Anti-obesity
Anti-inflammatory
= Antidiabetic
Haematococcus pluvialis, Antimicrobial

Dunaliella salina, Laminaria
Jjaponica, Chlorella spp.,
Spirulina spp., Sargassum
spp., Fucus spp., etc.

Neuroprotective

Figure 1. Positive effects on human health and industrial applications of carotenoids from natu-
ral sources.

Attributable to the various positive activities on human health and the multiple indus-
trial applications of CA, global demand continues to increase. It is estimated that in 2026,
the CA market will grow to USD 2.0 billion, registering an annual growth rate for CA of
4.2% [38]. The most relevant and important pigments on the market today are 3-carotene
and AS, followed by lutein, lycopene, and canthaxanthin [13,31]. So far, most commercial

139



Mar. Drugs 2021, 19, 188

CA are artificially produced. However, the strong global interest in food of natural origin
that is safe, healthy, and environmentally friendly has increased the demand for natural
sources of CA [22]. Algae and algal extracts are a sustainable option for CA and have nu-
merous benefits in comparation to alternative natural sources. For instance, its cultivation
and production is cheap, easy, and ecological, its removal has higher yields and is simple,
and raw materials are not scarce, nor are there seasonal limitations [32,39,40]. In order to
obtain high concentrations of a certain compound, culture conditions and environmen-
tal stress can be modified to manipulate the biochemical composition of microalgae [39].
However, under optimal growth conditions, the concentration of CA pigments is often
too low to produce microalgal-based pigments, making it economically unviable [13,40].
To improve its economic viability, it is vital to explore and understand how environmen-
tal factors and the integration of nutrients into the environment affect the production of
compounds. Understanding how the metabolic pathways of species vary according to
the culture conditions, the co-production and accumulation of multiple compounds in
microalgae will be improved [41]. The purpose of this review is to highlight the impact of
xanthophylls from algae on human health, and to study the factors affecting the feasibility
of their production and use as a sustainable alternative source of CA in the coming years.

2. Main Xanthophylls Present in Algae

From examining the findings, algae are a raw material of interest due to their pigment
content and the potential bioactivities they possess. However, at present, relatively few
species are used for such purposes since their exploitation at an industrial level is scarce.
Table 1 lists some cases on algae exploitation to obtain high value xanthophylls. It includes
information about the main algae species producing xanthophylls and their applications
together with the main extraction techniques used to obtain the high-value molecules. The
amount obtained in each case provides necessary information to estimate whether the
process is viable.

Table 1. Xanthophylls in algae: mass production, concentration, and application.

Mol. Extraction Concentration Applications Ref.
Enzvme-assisted Development of value-added
FU Fucus vesiculosus Zyme-assiste 0.66 mg/g DW nutraceutical products from [42]
extraction
seaweed
Fucus serratus Supercrltlcgl fluid 2.18 mg/g DW Obtaining hlgh.—purlty [43]
extraction fucoxanthin
Lo . Microwave-assisted Obtaining high-purity ,
Laminaria japonica extraction 0.04 mg/g DW fucoxanthin [44]
Laminaria japonica Maceration 0.10 mg/g DW Drug agams't chronic kidney [45]
disease
P o Microwave-assisted Obtention of high-purity "
Undaria pinnatifida extraction 0.90 mg/g DW fucoxanthin [44]
Undaria pinnatifida Maceration 3.09 mg/g DW Scones [46]
Undaria pinnatifida Supercrmc?] fluid 0.99 mg/g DW Carotenoid isolation [3]
extraction
Undaria pinnatifida Maceration 2.67 mg/g DW Drug development [47]
Padina tetrastromatica Ultrasonlc-3?551sted 0.75 mg/g DW Nut'raceutlcal§ aqd biomedical 48]
extraction applications
. . . Optimization of the ,
Cystoseira hakodatensis Maceration 3.47 mg/g DW environmental conditions [49]
Himanthalia elongata Maceration 18.60 mg/g DW Commercial qu oxanthin [50]
production
Nutraceutical, cosmetic and
Tisochrysis lutea Ultrasonic-assisted 0.25 mg/g DW pharmaceutical applications, such 51]

extraction

as for the treatment of metastatic
melanoma
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Table 1. Cont.

Mol. Algae Extraction Concentration Applications Ref.
. Ultrasonic-assisted
Pavlova lutheri extraction 0.03 mg/g DW Yogurt [52]
Phaeodactylum tricornutum Maceration 0.1 mg/g DW Milk [53]
L. Conventional
AS Haematococcus pluvialis extraction 900 kg/2 ha/year [54]
Haematococcus pluvialis Two-stage system 3.8% dw Antioxidant, anti-tumor, [55]
Haematococcus pluvialis Enzyme 3.6% dw anti-inflammatory, ocular [56]
C tional protective effect, antidiabetic,
Haematococcus pluvialis onventiona 2-3% dw coloring agent [57]
extraction
Haematococcus pluvialis Pressun.md 99% of total AS [58]
extraction
LU Chlorella protothecoides Maceration 83.8 mg/L [59]
Chlorella protothecoides Mechanical 83.8 mg/L [60]
Chlorella protothecoideswas Mechanical 492mg/g Antioxidant, light-filtering, eye [61]
protection, colorant, potential
. Heptane-ethanol- therapeutic use against several
Chlorella vulgaris wateF 30mg/g chronic diseases, lower risk of [62]
extraction cancer, anti-inflammatory benefits
Scenedesmus almeriensis - 0.54% wt [63]
Dunaliella salina Convent}onal 154mgm=2d! [64]
extraction
ZEA Nannochloropsis oculata Supercrltlca} fluids 13.17 mg/g [65]
extraction
- — Antioxidant, anti-inflammatory,
Chlorella ellipsoidea Pressurized liquid 426 mg/g eyes and UV light protection, [66]
extraction prevention of coronary
Synechocystis sp Pulse electric field 1.64mg/g _synd%‘omes, antl—t}lmoral, [1]
anti-cardiovascular diseases, and
Himanthalia elongata Pulse electric field 0.13mg/g structural actions in neural tissue [1]
Heterochlorella luteoviridis Moderfaiziflectrlc 244 ug/g [9]
CRY Spirulina platensis Supercritical fluid 75mg/100 g Antioxidant, anti-inflammatory, [34,67]
extraction .
anticancer (lung, oral,
. § Conventional 14.2% total pharyngeal), improves respiratory
Palisada perforata extraction carotenoids function, stimulation of bone [68]
C i 1 10.2% total formation and protection,
Gracilaria gracilis onventiona =70 O,Z modulation response to [68]
extraction carotenoids phytosterols in post-menopausal
Pandorina morum Maceration 2.38 ug/g DW women, decreases risk of [69]
- degenerative diseases
Nanochlorum eucaryotum Enzyme extraction - [70]
SIP Codium fragile Maceration 16 mg/kg fresh algae Anti-angiogenic, antioxidant, [71]
Caulerpa lentillifera Maceration 0.1% DW cancer-preventing action; inhibit [72]
- - - adipogenesis
Umbraulva japonica Maceration 0.1% DW [35]
DIAD Phaeodactylum tricornutum MeOH extraction 19% of total pigments [73]
Phaeodactylum tricornutum MeOH extraction - [74]
Antioxidant
Odontella aurita EtOH extraction 10% total carotenoids [75]
Phaeodactylum tricornutum Whole 14 ug/L [76]
DIAT Phaeodactylum tricornutum MeOH extraction 17% of total pigments Antioxidant [73]

Mol: Molecules/compounds; FU: Fucoxanthin; AS: Astaxanthin; LU: Lutein; ZEA: Zeaxanthin; CRY: 3-cryptoxanthin; SIP: Siphonaxanthin;
DIAD: Diadinoxanthin; DIAT: Diatoxanthin. dw: Dry weight.

2.1. Fucoxanthin

Fucoxanthin (FU) (Figure 2) is produced by many algae as a secondary metabolite. It
is present in the chloroplasts of eukaryotic algae and is involved in the process of photosyn-
thesis performed by algae, which is thought to be more efficient than the photosynthesis
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of plants [77]. This molecule is considered one of the most abundant pigments in brown
algae, and it represents up to 10% of the total CA found in nature [78]. It has been studied
primarily in microalgae and brown macroalgae from several families such as Undaria,
Laminaria, Sargassum, Eisenia, Himathalia, Alaria, or Cystoseira [79,80]. FU has a chemical
structure derived from carotene but with an oxygenated backbone. In addition, this com-
pound has several different functional groups such as hydroxyl, carboxyl, epoxy, and
carbonyl moieties, and it also has an allenic bond [25]. FU is orange to brown in color, and
it is responsible for the coloration of algae from the Phaeophyceae family. This lipophilic
pigment absorbs light in a range from 450 to 540 nm, which translates in the blue-green to
yellow-green part of the visible spectrum, and it behaves as the primary light-harvesting
CA for many algae transferring energy to the chlorophyll-protein complexes with high
efficiency thanks to its unique CA structure [81].

Astaxanthin Zeaxanthin

3.3"-Dihydroxy-p.p-
carotene-4.4'-dione

CypHs:04

B.p-Carotene-3.3'"-diol
CoH 550

B-crvptoxanthin
B.p-Caroten-3-ol
CyH540

hexahydro-f.p-caroten-3"-yl acetate
Cy2H5505

LM

N Y N AR S N N R N Y

on ol on
Lutein Siphonaxanthin

f-e-Carotene-3,3"-diol (3E.5E.TE.9E.11E.13E.15E.17E)-3-(hydroxymethyl)- 18-[(1R.4R)-

CypH 5502 4-hydroxy-2.6.6-trimethylcvclohex-2-en- 1-y1]-1-[(4R)-4-hvdroxy-

2.6.6-trimethylcyclohexen-1-v1]-7,12,16-trimethyvloctadeca-
3.57911.13.15.17-0octaen-2-one

et e

”0'4\"'
(1R)-4-[(1E.3E.5E.7E.9E.11E.13E.15E)-18-[(4R)-4-hydroxy-2.6.6-
trimethylcyclohexen-1-v1]-3.7.12.16-tetramethyloctadeca-

(1R.35.65)-6-[(1E.3E.5E.7E.9E.11E.13E.15E)-18-[(4R)-4-hydroxy-
2.6,6-trimethylcyclohexen-1-v1]-3,7.12, 16-tetramethvloctadeca-

oxabicyclo[4.1.0]heptan-3-ol

CyoHs5,05 CioH540;

Figure 2. Chemical structure of the main xanthophylls present in algae [82].

Many bioactivities have been reposted regarding FU. Several articles have been pub-
lished about its antioxidant, anticancer, anti-inflammatory, antimicrobial, antihypertensive,
anti-obesity, antidiabetic, and anti-angiogenic activities, and also its photoprotective and
neuroprotective effects (Table 1) [79,83-91]. Considering all these properties, FU has a great
potential for applications in all sectors, from supplements and enriched foods to anti-aging
cosmetics and to the pharmaceutical sector in the development of new innovative drugs
for all kinds of pathologies including different types of cancer. For all these reasons, the FU
market is expected to keep growing and reach 120 million dollars by 2022 [92].

142



Mar. Drugs 2021, 19, 188

Even though the artificial laboratory synthesis of FU is possible, it is a very expensive
process that makes the extraction of FU from algae so appealing. However, the extraction
and purification processes of FU from algae need to be standardized to facilitate its fu-
ture commercialization and incorporation to new profitable products on the market [48].
Nevertheless, some companies already overcame these problems, and valuable products
with FU have reached the market. For example, food supplements with FU intended to
contribute to the loss of weight and improve eye, brain, liver, and joint health, are being
sold with the commercial name of ThinOgen® and Fucovital®. These products can be
found in the form of oils or microencapsulated powders [93]. Furthermore, FU is being
studied to help combat cancer-related diseases, showing different anticancer mechanisms
of action, such as inhibition of cell proliferation, induction of apoptosis, cell cycle arrest, an
increase of intracellular reactive oxygen species, and anti-angiogenic effects [84,88,94-97].
Many studies have been made applying FU extracts to human cell lines, such as human
bronchopulmonary carcinoma cell line NSCLC-N6, erythromyeloblastoid leukemia cell line
K562, and the human lymphoblastoid cell line TK6, all with positive results [98]. Similar
results were observed in prostate cancer (PC-3) cells, leukemia cells (HL-60), and cervical
adenocarcinoma cells (HeLa). In addition, in vivo studies were also performed. For ex-
ample, in mice, the administration of FU suppressed tumor growth of primary effusion
lymphoma, sarcomas, and osteosarcoma [51,55,96]. Due to its anti-inflammatory activity,
FU is also being tested to prevent and treat inflammatory-related diseases, thanks to fucox-
anthin’s strong antioxidant capacity and gut microbiota regulation [99], and its capacity to
inhibit the production of nitric oxide, which is one of the determinants of inflammation in
cells [100]. Some examples of FU incorporations in several food matrixes can already be
found in the literature such as fortified yogurt [52] and milk [53], enriched canola oil [101],
baked products such as scones [46], and even ground chicken breast meat [102].

2.2. Astaxanthin

Astaxanthin (AS) is a ketocarotenoid that fits in the group of terpenes and is formed
from five carbon precursors, isopentenyl diphosphate, and dimethylallyl diphosphate. It
is produced by a restricted number of algae (mainly microalgae), plants, bacteria, and
fungi [103]. In microalgae, this compound is a secondary CA, which means that its
accumulation in cytosolic lipid bodies ensues exclusively beneath environmental stress
or adverse culture conditions, such as high light, high salinity, and nutrient deprivation.
Despite this, algae represent the most important natural source of this compound in the
aquatic food chain [104].

The commercial manufacture of this pigment has conventionally been executed by
chemical synthesis. However, current studies proved that some microalgae might be the
most capable source for its industrial biological production [105]. The best known and most
used microalgae for its production are Haematococcus pluvialis and Chlorella zofingiensis [106].
Haematococcus pluvialis is one of the organisms with the highest concentrations of AS; thus,
it is the main industrial source for the natural production of this compound [107]. It is
common to reach yields of 38-40 g/kg (3.8-4%) of dried algae, and its scale at an industrial
level is possible due to the high reproduction rate of this microalga [78,79]. The amount
of AS found in cells corresponds to 85-95% of the total CA content; thus, it is relatively
easy to purify it from the remaining CA [108]. Other species such as C. zofingiensis have
also been studied, but the content of AS found was 50% AS of total CA, being the other
main CA canthaxanthin and adonixanthin [109]. The extraction of AS, which is a lipophilic
compound, can be carried out with organic solvents and oils, and it is common to combine
its extraction with solvents with other types of extractions such as enzymatic or microwave
extraction [107].

This compound is known as one of the most potent antioxidants; its capacity is due
to the large amount of conjugated double bonds (thirteen). Different studies confirm
that its antioxidant capacity is 65 times more potent than that produced by ascorbic acid;
10 times stronger than 3-carotene, canthaxanthin, lutein, and zeaxanthin; and 100 times
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more effective than a-tocopherol, all of which are antioxidants used routinely [108]. For
this reason, various products containing AS are already available on the market in various
forms including oils, tablets, capsules, syrups, soft, creams, biomass, or ground [107]. An
example is AstaPure® (Algatech LTD) produced from the microalgae H. pluvialis. Moreover,
the consumption as a supplement does not represent any risk of toxicity, since the human
body is not capable of transforming AS into vitamin A [107]. In 2019, the European Food
Safety Authority (EFSA) has established an acceptable daily intake of 0.2 mg per kg body
weight [110]. However, in order to be used as a food additive, more studies are still required
due to stability, conservation, handling, and storage problems in this type of matrix [111].

AS has also anti-inflammatory activity, which is mainly due to its antioxidant proper-
ties and has been concerned in meliorate lifestyle-related illnesses and dealing health. AS
additionally has anti-aging activity [105]. These beneficial effects have been demonstrated
for both animals and humans [107].

2.3. Lutein

Chemically, lutein (LU) is a polyisoprenoid with 40 carbon atoms and cyclic structures
at each end of its conjugated chain. Therefore, it has a similar structure to zeaxanthin
(explaining below), differing from it in the site of the double bond in one ring, giving three
chiral centers compared to the two of zeaxanthin [112]. LU is already used regularly in
sectors such as cosmetics, pharmaceuticals, and food, which is mainly due to its color
and bioactivities, and its anticancer properties are worth noting [61]. In fact, different
studies demonstrate the antitumor effects of LU. For example, it was found that oral LU
supplementation reduced the influence of ultraviolet irradiation by diminishing acute
inflammatory responses and hyperproliferative rebound induced by ultraviolet rays [113].
In addition, this compound is widely known for its preventative effects against age-related
macular degeneration and cataracts [62]. These health-promoting properties of LU along
with its potential as a natural food colorant have led to improved research on the potential
of LU as a high-value nutraceutical ingredient [114].

In general terms and for healthy people, food is a proper source of LU, and it does not
require being added in a balanced diet, as it is safe to consume 60 mg/day for an adult of
60 kg [115]. This dietary contribution of LU is mainly due to the consumption of vegetables.
However, algae is being considered as a new reservoir of lutein [59]. Among them, the best
source at the commercial level is microalgae, especially those belonging to the Chlorella
genus. This alga is an effective source of LU production, and it is safer than that of chemical
origin whose use remains questionable. For this reason, the growth optimization studies of
this alga are gaining interest owing to the high growth rates of the alga, along with their
high pigment content. Several studies analyze the effect of LU production under different
microalgae growth conditions in bioreactors. In most of them, the optimized parameters
are the concentration of nitrate, ammonium, and urea in the batch [60,61]. However, the
cultivation conditions of other newer species such as Scenedesmus almeriensis have also been
optimized to increase their LU production. In this case, the contribution of nutrients has a
lesser effect due to the high tolerance of this microalga to varied ranges of temperature, pH,
salinity, and nutrient concentration [63]. Other widely studied species for its high content
of LU are D. salina and Galdieria sulphuraria [59]. Mostly, it is still necessary to reduce costs
regarding the growth and extraction process of LU from microalgae to be profitable. For
this, it is not only necessary to optimize the consumption of nutrients, but also to analyze
the subsequent processes such as harvesting and drying that entail large energy costs. In
this regard, the currently available studies seem to indicate that the best option may be
tubular photobioreactors [114,116].

2.4. Zeaxanthin

Zeaxanthin (ZEA) is a structural isomer of LU. Both isomers are usually found in
various foods, being mainly present in green leafy vegetables and algae [117]. It is formed
by a polyene chain with 11 conjugated double bonds and ionone rings. The ionone rings
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have a hydroxyl group that can attach to the fatty acids during esterification [118]. This
compound, as well as some derivatives (meso-zeaxanthin), has a high antioxidant effect
due to its chemical structure and distribution of the bonds. Furthermore, it also has a
powerful anti-inflammatory effect attributable to the down-regulated expression of several
inflammatory mediator genes. Consequently, these compounds may also be used in
cancer prevention, as tumors are considered inflammatory diseases. Therefore, their use in
chemotherapy may be of great interest [119]. Other bioactivities include photoprotection
as well as the prevention and treatment of some eye diseases such as progress of macular
degeneration and cataracts [120,121]. Moreover, ZEA has been proved to possess anti-
tyrosinase activity, an enzyme associated with the production of melanin. Therefore, the
inhibition effect of ZEA on this enzyme may avoid the formation of skin spots, which point
to the use of this pigment as a whitening agent [122]. Hence, ZEA is a CA with promising
nutraceutical implications.

Humans are not able to synthetize ZEA, as there is no biosynthetic pathway for this
compound; thus, it has to be obtained from the diet. For this reason, its extraction from
natural sources including vegetables, plants, macroalgae, cyanobacteria, and microalgae is
of great interest [123]. There are several species of microalgae that produce this pigment.
One of them is Dunaliella salina, which has also been genetically modified to increase its
yield under all growth conditions, reaching 6 mg ZEA per gram of algae [124]. Other
species that synthesize ZEA include Spirulina, Corallina officinalis, Cyanophora paradoxa and
Glaucocystis nostochinearum [117]. These organisms can accumulate ZEA in a concentration
up to nine times higher than traditional sources of this compound such as red peppers.
This is the case of Chlorella ellipsoidea. In addition, algae have the advantage over plant
matrices that the ZEA present in algae is in free form, while in plants, it is present as mono
and diesters of ZEA [66]. As a consequence, numerous studies show the development of
protocols to obtain ZEA from microalgae on a large scale [125]. Moreover, the production
of this compound can be increased by varying the conditions in which algae cultivation
takes place. One option is to increase photosynthetic irradiance over that required for the
saturation of photosynthesis [117].

2.5. Minor Carotenoids

In addition to FU, AS, LU, and ZEA, algae can synthetize low amounts of other CA that
belong to the xanthophyll group. In this section, we assessed these minor molecules also
susceptible to be exploited by the nutraceutical industry. These include B-cryptoxanthin,
siphonaxanthin, saproxanthin, myxol, diatoxanthin, and diadinoxanthin. They are only
present in some bacteria and marine algae.

2.5.1. B-Cryptoxanthin

B-cryptoxanthin is an oxygenated CA with a chemical structure close to that of (3-
carotene, being the most important difference the higher polarity of -cryptoxanthin.
The interest of this compound shows a positive correlation between the intake of -
cryptoxanthin and the prevention of several diseases. In fact, this molecule is charac-
terized by having provitamin A activity, anti-obesity effects, antioxidant activities, and anti-
inflammatory, and anti-tumor activity [126]. Furthermore, the influence of 3-cryptoxanthin
on some inflammatory markers is probably stronger than other CA [127]. This compound
is much less common than (3-carotene, and it can only be found in a small number of foods.
Some of them are fruits and vegetables such as tangerines, red peppers, and pumpkin [128].
It is also possible to find this compound in algae, mainly in red algae due to its hue [68].
Its concentration on each product will depend on environmental factors such as season,
processing techniques, and storage temperatures [126].

2.5.2. Siphonaxanthin

Siphonaxanthin is a specific keto-carotenoid current in comestible green algae such as
Codium fragile, Caulerpa lentillifera, and Umbraulva japonica, constituting around 0.1% of their
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dry weight [35]. This compound is present mainly in species belonged to the Siphonales
order, which is characterized by grouping green algae inhabiting deep waters from both
freshwater and marine environments [67].

Some studies have been carried out with this molecule, showing the potential benefi-
cial effects on health, including anticancer activities and its suitability in the treatment of
leukemia, with even better results than those obtained with FU [35]. This greater capacity
to produce an apoptosis-inducing effect may be due to the fact that siphonaxanthin, unlike
FU, does not have an epoxide or an allenic bond in its structure, but it does contain an
additional hydroxyl group at carbon 19 that might be responsible for this activity [129].
Other activities include anti-angiogenic, antioxidant and anti-inflammatory. The anti-
inflammatory effect is due to the suppression of mast cell degranulation in vivo as it
alters the functions of lipid rafts by localizing in the cell membrane and inhibiting the
translocation of immunoglobulin E (IgE) / IgE receptor (FceRI) to lipid rafts [130].

2.5.3. Saproxanthin

Saproxanthin is an uncommon and recently described natural CA found in algae,
bacteria, and archaea [131], being bacteria the main source. Chemically, it is a tetraterpene
with a CA -cycle additionally hydroxylated at C3 as one end group and simple hydration
of the most distant double bond at the other termination of the compound [132]. Therefore,
this compound is also a xanthophyll. It was initially reported and described by Aasen and
Jensen in Saprospira grandis [67]. This compound is a potent antioxidant. It is produced
by algae with the aim to protect itself from the activated oxygen produced by light [133].
In vitro studies have shown its pure form pose high antioxidant activity against lipid
peroxidation in the rat brain homogenate model and a neuroprotective effect of L-glutamate
toxicity [133,134].

2.5.4. Myxol

Myxol is a derivative of y-carotene and is present in different forms in nature (free or
combined with fucosides or nitrogen groups). Nevertheless, in the free state, it is found
primarily in marine environments [67]. It should be noted that this pigment is glycosylated
in the 2/-OH position instead of the usual position (1-OH) of the molecule [36]. The main
group of organisms that produce this compound are cyanobacteria [135]. Cyanobacteria
were previously called myxophyceae, which is named after the characteristic molecule
of this family [36]. Some cyanobacteria in which this pigment has been characterized are
Anabaena and Nostoc [136]. Nonetheless, algae not only contain free myxol; thus, it is
also possible to quantify some combined forms of myxol. One study detected the presence
of pro-glyoxylate derivative compounds such as pro-2’-O-methyl-methylpentoside and
4-keto-myxol—2’ -methylpentoside in freshwater algae Oscillatoria limosa [137]. All variants
of this molecule have been proved to have antioxidant properties. In fact, its antioxidant
activity is greater than that of other frequently used antioxidant molecules such as ZEA and
[3-carotene [138]. For example, one study was able to demonstrate significant antioxidant
activities against lipid peroxidation in the rat brain homogenate model and a neuroprotec-
tive effect of L-glutamate toxicity [134]. Other in vitro studies have concluded that myxol
might also be effective in strengthening biological membranes, reducing permeability to
oxygen. Nonetheless, these novel and rare CA require meticulous assessments before their
execution [138].

2.5.5. Diatoxanthin

Diatoxanthin, a ZEA analogue, is a type of xanthophyll found in phytoplankton
and diatoms. Diatoms are often called golden brown microalgae, due to their content
of pigments, mainly CA, comprising FU, diadinoxanthin, and diatoxanthin [139]. These
compounds have the function of serving as a protection system for algae against the
harmful effects of light saturation. Thanks to its presence, the algae are able to quickly
acclimatize to the difference in the amount of light received and therefore continue to carry
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out their vital functions without alterations [140]. Therefore, an effective way to increase
the production of this compound, and hence its performance, is to increase the blue-light
irradiation; 300 pmol photons m~2-s~! is enough for Euglena gracilis [141].

2.5.6. Diadinoxanthin

Similar to diatoxanthin, diadinoxanthin is present only in limited algal groups, includ-
ing diatoms. In fact, these pigments might be considered as diatom-specific CA [73]. Both
compounds are interrelated, since diadinoxanthin is the inactive precursor of diatoxanthin,
and it can be transferred to the active compound very quickly when subjected to high
light stress [140]. Diadinoxanthin, together with FU, can be obtained from neoxanthin. For
this, it is necessary to have a simple isomerization of one of the allenic double bonds of
neoxanthin molecule [74]. Its antioxidant activity is based on deepoxidized diadinoxanthin
to diatoxanthin, which leads to reduction of the singlet oxygen inside the cell, avoiding
cellular damage [142].

3. Mechanism of Action of Xanthophylls
3.1. Metabolism

The mechanism of action of xanthophylls is the specific binding through which the
molecule produces its pharmacological effect. This effect will depend on the absorp-
tion, distribution, and metabolism of the compound, which are critical parameters of
the pharmacokinetics of the xanthophylls. This can be seen in various studies that show
the low presence of this type of compound in human tissues, which directly depends on
their metabolism and intestinal absorption, and therefore, its bioavailability [143]. The
metabolism of xanthophylls is poorly studied, especially for those that do not have provi-
tamin A activity. Hence, more studies are needed to understand its metabolism and,
therefore, be able to develop different applications according to the mechanism by which
its biological activities occur.

In turn, this would allow the development of safe and effective applications in humans
as well as increase its bioavailability [144]. For example, studies on FU metabolism revealed
that this compounds itself is not present in plasma but rather its metabolites due to oxidative
reactions that take place on FU in mammals. This reaction transforms both compounds
into ketocarotenoids [145]. In addition, when FU is administered orally, it undergoes
a process of hydrolysis at the intestinal level, giving rise to fucoxanthinol, while liver
metabolization results in other active metabolites such as amarouciaxanthin A [146,147]. In
fact, it was reported that dietary FU accumulated in the heart and liver as fucoxanthinol
and in adipose tissue as amarouciaxanthin A, the latter being non-detectable by HPLC
in human serum [148]. Therefore, the oral administration of this compound may only
provide some bioactive metabolites, as it is completely metabolized. To release products
that maintain its biological activities, it is necessary to develop alternatives that prolong its
biological half-life [146], such as emulsions or encapsulations (Table 2).
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Table 2. Delivery systems used to increase marine carotenoids’ bioavailability.

Mol. Delivery System Assay Benefits Results Use Ref.
Release of FU of
Palm stearin solid . Increase stability 22.92% during 2 h in )
FU lipid core In vitro during storage SGF and 56.55% Oral supplements [149]
during 6 h SIF
. Increase -
NanoparAncles of ABTS DPPH antioxidant More antioxidant Foods and [150]
zein .. than free FU beverages
activity
Increase stability ~ 95% of FU remains in Food. beverages
Nanoemulsion In vitro during storage; the emulsion after 4 ; ages, [151]
. . nutraceutics
antiobesity weeks
Nanoemulsion In vitro digestion Increase FU level in Functional foods
and bioability Increase stability serum blood (LCT > . [152]
(LCT) . and nutraceutics
assays in rats MCT)
Lpx levels (nmol
Chitosan— Significant MDA /mL) higher in
. . : . . Foods and
glycolipid In vitro increase in control (30.9) than in . [153]
. - . nutraceutics
nanogels bioavailability emulsions
(17.0-12.15)
AS Fish oil In vitro Useful for' Better antioxidant Oral supplements [154]
supplementation effect
Encapsulation TBARS Peroxide Increase stability Better antioxidant Foods [155]
enzymes effect
. . e Nutraceuticals,
Pectm—.chlfosan Stability Assays Increase stability Better stability than functional, [156]
multilayer monolayer .
medical foods
L Release and s e Functional foods
L-lacic acid stability test Increase stability Enhance stability and nutraceutics [157]
Enhance sports N
Ascobyl palmitate Sublingual performance, skin Dietetic
; Stability assay . ! supplementation [158]
emulsion delivery protection, ;
. f in sports
cardioprotective
LU 3-CD In vitro Increase stability Mor‘e stgble against Foods [159]
oxidating agents
Prevention of
Glycyrrhlz:c acid, In vitro Solubility H-?ggr}agates Foods [159]
arabinogalactan enhancement formation, increase of
photostability
Sea Buckthorn oil s .
ZEA and water S tab{llty and . Increés? . Increase 64.55% Functional foqu [160]
. digestive assays bioaccesibility and nutraceutics
emulsion
. - Improve
Hl;grh-lf:[fs;?re diStal;liBty and Nannochloropsis sp. Foods [161]
catme gestive assays ZEA disponibility
Prevention of
GlyCYI‘I’hlZlC acid, In vitro Solubility H-?\ggr'egates Foods [159]
arabinogalactan enhancement formation, increase of

photostability

SGF: Simulated gastric fluid; SIF: Simulated intestinal fluid; LCT: Long-chain triglycerides; MCT: Medium-chain triglycerides.

A study carried out on rats reported that the pharmacokinetic parameters of AS only
depend on the dose when it is administered intravenously due to the metabolism that takes
place in the liver as a result of saturation of hepatic metabolism of AS [162]. As for AS
metabolites described in humans, these are fundamentally 3-hydroxy-4-oxo-f-ionone and
3-hydroxy-4-oxo-7,8-dihydro-f-ionone [163]. The metabolization of AS after oral intake
leads to 3-hydroxy-4-oxo-7,8-dihydro-3-ionol and 3-hydroxy-4-oxo-7,8-dihydro-{3-ionone,
being both compounds detected in plasma [164]. Several researchers hypothesize that the
rate at which these reactions take place is determined by the structure of the ring, as well
as by the length of the fatty acyl residue formed. Moreover, several enzymes, such as for
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example diacylglycerol acyltransferase 1, can catalyze the synthesis of AS esters in some
strain. This is the case of the microalga Haematococcus pluvialis [165].

As for LU and its structural isomer, ZEA, studies carried out in humans have shown
that both undergo an in vivo oxidation process that gives rise to several metabolites [166].
LU gives rise to a series of compounds (3'-epilutein, 3'-oxolutein) due to the presence of the
enzyme that also mediated the conversion of fucoxanthinol to amarouciaxanthin A [167].
Other compounds such as 3-hydroxy-3',4’-didehydro-B,y-carotene and 3-hydroxy-2’,3'-
didehydro-f,e-carotene appear as result of acid hydrolysis in the stomach [168]. However,
this compound is capable of remaining intact in its intact form in human ocular tissue due
to the inability of the enzyme B-carotene-9’,10’-oxygenase to act on said organ. In this way,
there is an extraordinary accumulation of these compounds in the ocular tissue, serving
as a mechanism for the prevention of ocular diseases [169]. ZEA, being an isomer of LU,
will undergo similar processes to LU. However, it is a much less studied molecule. In this
way, ZEA will also be accumulated in the ocular tissue due to the inactivity of the enzymes
responsible for the metabolism of ZEA in the organs of sight [170]. Therefore, to determine
the bioavailability of LU it is necessary to quantify said metabolites, which also may have
different bioactivities, with complementary studies.

3.2. Bioavailability and Bioaccessibility

Xanthophylls have been subjected to numerous studies due to its antioxidant activity
and protective effect against several diseases [171]. In recent years, different studies
have been carried out comparing the properties of synthetic CA with those of natural
origin [172], noting that some of them can only be obtained from natural sources, where
there is much more diversity. In addition, these CA obtained from algae can be co-extracted
with other bioactive components such as polysaccharides or fatty acids. Therefore, the
idea of incorporating CA in foods, nutraceuticals, or cosmetic products is of increasing
interest due to their effective bioactive properties [173]. However, to develop and evaluate
the viability of any food or cosmetic products that maintain these activities, it is necessary
to know its bioactivity, bioavailability, and bioaccesibility [174]. These three parameters
are influenced by several factors such as the food matrix; the type of cooking; the time of
cooking; the CA involved; the presence of fats, fibers, proteins, and other nutrients in the
diet; and the health or nutritional status in humans [175-179].

In humans, once CA are ingested, they are released from the food matrix through
the action of gastric enzymes and must be emulsified with lipids in order to improve
their absorption [180]. Moreover, its absorption mechanism will be determined by the
concentration in which the compound is present. At low concentrations, absorption
is mainly due to the action of type 1 class B scavenger receptor, which also captures
high-density lipoproteins, platelet glycoprotein 4, and NPC1-like intracellular cholesterol
transporter 1 [181]. At high concentrations, the main mechanism is passive diffusion
through mucosa [182]. Enzymes released in the duodenum will also play an important
role in the absorption, since in this part of the small intestine, pancreatic lipase is released.
This enzyme assists the formation of mixed micelles of emulsified droplets with CA. This
process depends on the concentration of bile acids among others [183]. Once the micelles
are formed, they pass into the blood. Then, micelles are taken up by enterocytes, in which
metabolization takes places due to the presence of the enzyme [3-carotene oxygenase. The
non-metabolized CA, such as LU and ZEA, are incorporated into chylomicrons or low-
density lipoproteins (LDL) and are transported to the liver where they can be eliminated by
the bile or metabolized and secreted in very low-density lipoprotein (VLDL) or high-density
lipoproteins (HDL) to the peripheral tissues, as it can be seen in Figure 3 [180,184].
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Figure 3. Uptake, transport, and secretion pathways of marine carotenoids in the human body.

All these absorption processes involve passing through membranes, which will be
determined by the polarity of the membrane and the compounds. CA are frequently esteri-
fied with fatty acids, which decreases the polarity, so except for lutein, they are considered
non-polar molecules. Among CA, xanthophylls have a bit higher polarity than carotenes.
This is due to the small number of oxygen atoms in their structure (Figure 2). In addition,
the polar groups of the molecules are at opposite ends of the molecule, so their forces
cancel out. Therefore, the presence of hydroxyl groups makes them a bit more polar than
carotenes, which do not contain oxygen but are still considered non-polar molecules [185].
CA polarity and flexibility seem to be correlate with bioaccessibility and uptake efficiency.
This may be due to the fact that this type of CA presents a better affinity for lipid trans-
porters and/or for plasma membranes, which would increase absorption [186]. Therefore,
these compounds may be the CA with highest bioavailability. Different mechanisms have
also been developed to increase the bioavailability of these compounds, of which the most
common are the elaboration of emulsions or encapsulations.

3.2.1. Fucoxanthin

Different in vitro, in vivo, and clinical studies show that FU digestion and absorption
gives rise to metabolites such as fucoxanthinol. In a study carried out with mice, FU was
transformed into fucoxanthinol in the gastrointestinal mucosa by deacetylation due to the
action of lipase and cholesterol esterase enzymes. Then, the fucoxanthinol that reached
the liver was transformed to amarouciaxanthin by deoxidation. As a result, fucoxanthinol
could be detected in the heart, spleen, liver, and lung, and amarouciaxanthin could be found
in adipose tissue [145,148]. During all this process, pH is a limiting factor since, as it was
observed in an in vitro simulated digestion study, enzymes can be inactivated due to low
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pH and, consequently, FU would remain intact [187]. A study of the colonic fermentation of
FU reported that 50% of FU can be metabolized by action of the human microbiota, ensuring
that the compound is bioaccessible [187]. However, the absorption of FU is lower than the
rest of the CA despite achieving better accumulation [188]. This may be due to digestion of
the compound. In fact, FU supplementation in adults correlated with fucoxanthinol increase
in serum [189]. A human trial carried out with FU extracted from Undaria pinnatifida
concluded that after the supplementation of an extract with 6.1 mg of FU, FU could not be
detected in blood, and the metabolite fucoxanthinol was at very low concentration, which
confirms the limited intestinal absorption of FU [190]. In order to improve its absorption,
different mechanisms have been developed, of which the most common encapsulation is
in micelles or liposomes [149]. The best results are obtained when long or medium-chain
triglycerides are used to carry out the encapsulation [152]. Encapsulation can also be done
with chitosan-glycolipid nanogels, which increase FU bioavailability by 68% according to
in vitro studies [153]. Other options include encapsulation with proteins such as zein and
caseinate, which provide better stability to FU and enhance its antioxidant and anti-tumor
activity compared to free FU [150]. Yet, human studies are scarce and contradictory, since
numerous factors that influence bioavailability are reported, such as the dietary fiber of the
food matrix; the interaction with other nutrients such as lipids and proteins; the solubility
of the molecule; or the affinity with intestinal transporters.

3.2.2. Astaxanthin

AS is considered the compound with the highest bioavailability among CA, followed
by lutein, B-carotene, and lycopene [185]. However, its bioavailability depends on the
type of matrix and on the stresses of this molecule in colonic Caco-2/TC7 cells [191]. A
study carried out in an in vitro digestion model with human intestinal Caco-2 cells of
three geometric isomers of AS conclude that the isomerization occurs at a gastrointesti-
nal level, with the 13-cis-astaxanthin isomer showing the greater bioaccesibility and the
higher concentrations in blood [192]. In human plasma, AS increases in a dose-dependent
manner, achieving stimulation of the immune system, and decreasing oxidative stress and
inflammation [193]. High doses (100 mg) present maximum levels of absorption at 11.5 h,
while low doses (10 mg) reach them at 6.5 h [194]. Moreover, the bioavailability of said
compound can be improved by emulsion with lipids, becoming between 1.7 and 3.7 times
better compared to the reference formulation [195]. Other options include encapsulation
with lipoprotein aggregates, maltodextrin, pectin, or chitosan [155]. Newer encapsulation
methods have also been developed such as oleic acid-bovine serum albumin complexes
nanoparticles [196], which are able to find products that, for example, use nanoemulsions
with ascorbyl palmitate in sublingual application to favor the absorption and bioavailability
of AS [158]. Nevertheless, as AS may be easily degraded by digestive acids, intake after
digestion has shown increased levels of absorption [197]. Moreover, the consumption of
AS in synergy with fish oil increased the lipid-lowering effects and increased phagocytic
activity compared to the consumption of free AS [154]. On the contrary, sociological factors
such as smoking habits also play an important role in bioavailability, since tobacco inhibits
the bioavailability of AS [194]. AS has already been studied as dietary supplements in
Europe, Japan, and the United States, demonstrating their safety in human clinical trials of
up to 40 mg/day. Based on these data, the US Food and Drug Administration has approved
AS from H. pluvialis for human consumption at 12 mg per day and up 24 mg per day for no
more than 30 days [194].

3.2.3. B-Cryptoxanthin

The bioaccesibility of various xanthophylls has been demonstrated in numerous stud-
ies. In this regard, an in vitro gastric simulation study proved that all-trans-B-cryptoxanthin
has 31.87% of bioaccesibility that could be improved by modifying the nature of the ma-
trix [198]. Additional studies suggest a mechanism for the digestion and intestinal ab-
sorption of B-cryptoxanthin in its free and esterified forms. The study was made in a
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digestion model with Caco-2 cells and intestinal cells clone Caco-2 TC7, reporting that
B-cryptoxanthin is more bioaccessible than (3-carotene, but having worse uptake with
Caco-2 TC7 cells [199]. At present, this lack of knowledge makes this compound subject
to controversy, since there are studies with disparate results. For example, some of the
sources that were consulted state that serum 3-cryptoxanthin bioavailability is greater than
[-carotene measured in humans after dietary intake [200].

3.2.4. Zeaxanthin

ZEA constitutes one of the three macular pigments, and it is characterized by having
a preventive effect in age-related eye diseases [201]; consequently, its consumption is
important, as humans are not able to synthesize it or store it at the ocular level [202]. In
this sense, the bioavailability and bioavailability of this compound is essential to meet its
beneficial effects on health [202]. However, in the case of the ZEA, temperature plays a
fundamental role, since thermal processing promotes ZEA release and solubilization in
the gastric environment [67]. In addition, its consumption associated with diets or foods
rich in fat favors the formation of micelles. These micelles will increase the absorption
of the compound at the intestinal level [203]. This is the reason why foods such as sea
buckthorn, with a carotenoid-rich oil, possess high bioavailability of ZEA [160]. Thanks to
this property, it is relatively easy to increase the bioaccesibility of ZEA, as shown by various
studies. One of them endorses the use of coconut oil to increase 6% of ZEA bioaccesibility in
goji berries [204]. However, despite the increase in the solubility of ZEA in lipid emulsions,
it is necessary to subject the walls of the matrix to microstructural modifications, especially
with microalgae, since they can influence the digestibility and bioaccesibility of CA [161].
Nevertheless, microalgae are useful as a source of ZEA in food formulations due to its
good bioaccesibility and storage in studies carried out with mice [205]. Additionally, the
relationship between ZEA content and bioavailability is another aspect to consider. For
example, the bioaccesibility of ZEA in egg yolk is high [206], although the ZEA content
is low.

3.3. Experimental Studies

The effects of CA on health have been long studied. As mentioned, some CA such as
-cryptoxanthin or 3-carotene are precursors of retinol (vitamin A), while others such as
fucoxanthin, lutein, or lycopene are not. As such, their intake relates to their role in retinol
production, and to their antioxidant, anti-inflammatory, and anti-tumor activities [207]. In
this regard, several in vitro as well as in vivo and observational or epidemiologic studies
have been carried out in the last decades. Furthermore, the antioxidant role of CA has
been long-known and evidenced for its use as antioxidant additive as well as antioxidant
test assay [208]. The great majority of studies have assessed the intake of CA to test their
effects, as it is the major ingress pathway of these molecules. As with other antioxidants
of natural origin with observed health-promoting properties, it has been suggested that
the potential chemopreventive effects of these molecules are derived from the synergy of
their antioxidant and anti-inflammatory properties, besides their direct inhibition of certain
factors involved in cell cycle and apoptosis [209]. This is due to the intimate relationship of
oxidative stress as both a cause and result of inflammation and their relationship toward
developing cancer [210,211]. Hence, the properties and effectiveness of CA have been
tested and evaluated through various ways, both with molecular methods and relating
their intake or serum levels with disease or mortality incidence. A summary of relevant
findings will be addressed. Experimental designs and outcomes are shown in Table 3.
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Table 3. Summary of studies and meta-analysis on the health-related properties and effects of carotenoids and observed results.

Study Model Dose Experimental Design Observations Ref.
Fucoxanthin
In vitro. RAW 264.7
macrophages with 15-60 uM Expression of D-d reduction of expression [212]
LPS-induced H inflammatory mediators of IL6-IL-1, NO, and TNF-
Anti- inflammation
inflammator i -9/ i
y In vitro (Apo-9'). RAW Redl.}ctlon of D-d reduction of NO, ROS,
264.7 macrophages and 25-100 pg/mL LPS-induced . [213]
. . ] TNEF-«, and COX production
zebrafish model inflammation
In vitro and in vivo. Reduction of D-d reduction of PGE2, NO,
RAW 264.7 and aqueous 10 mg/kg LPS-induced TNEF-« by inhibiting iNOS [214]
humor of rats inflammation and COX-2
D-d growth inhibition by
Ex vivo. BI6F10 cell Growth inhibition of inducing Go /G cell eycle
: culture implanted in mice 200 uM melanoma arrest and apoptosis; (215]
Anti-cancer inhibition production of
retinoblastoma protein
In vitro. Human o . . .
leukemic HL-60 cells 15.2 uM Inhibited the proliferation DNA fragmentation [216]
Astaxanthin
Insvﬁerr?(.)cRﬁa‘/sv 251‘;7/ inﬂarrlf;il;eosrmon?e?ifiators D-d significant reduction of
prenocytes, 25 .M ! ry IL-6, IL-1B, and ROS [217]
bone-narrow in LPS-induced X
. . production
Anti- macrophages inflammation
inflammatory Significant reduction of
In vivo. Mice with 60 mg/kg/day Analysis of inflammation Crlnortahty, }gstologlcal 1
induced acute lung injury for 14 days markers, tissue damage amage, inflammatory (218]
4 infiltration, and iNOS and
NF-kf levels
. D-d cell cycle arrest and
In vitro. Human colon . . . X
. Growth inhibition of with apoptosis induction by
cancer lines HCT-116, . . .
. 5-25 pug/mL H. pluvialis lowering expression of Bcl-2, [219]
SW480, WiDr, HT-29 and L. . .
15174 astaxanthin-rich extract AKT and induced expression
Anti-cancer of apoptotic MAPK
D-d inhibition of NF-«f3,
In vivo. Chemically Analvsis of infl. " TNF-«, IL-1p3, IL-6, and
induced colitis and colon 200 ppm nalysis ot intlammatory COX-2 expression; lower [220]
. P biomarkers X - .
carcinogenesis mice iNOS expression at high
dosage
Lutein
Ob. tional stud Dif . Significant reduction in
servational study. 20 mg/day for ifferences in serum: sorum 11.-6 MCP-1 and
Early atherosclerosis cytokines, and metabolic [221]
. . 3 months . LDL-cholesterol after 3
Anti- patients (1 = 65) biomarkers X
. months of supplementation
inflammatory
. 30 m'L/ kg/ day . . Enhanced retinal
Observational study. until 40 weeks Differences in
. . - X development and reduced [222]
Preterm infants (n = 203) post- inflammation biomarkers . .
C-reactive protein levels
menstrual age
N_mlertl}}:ﬂinltilg_ rols(:)furea— Significantly lowered
Anti-cancer In vivo. Rats 3-30g/L Y formation of aberrant crypt [223]

induced colon crypt foci
formation

foci
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Table 3. Cont.

Study Model Dose Experimental Design Observations Ref.
B-cryptoxanthin
Prospective cohort study. Higher serum levels of 3-CRY
Smokers and Dietary were associated with lower .
non-smokers from contribution 20-year cohort death risk, but not for [224,225]
NHANES III (n = 10,382) non-smokers
D-d growth and proliferation
Ex vivo. Human gastric inhibitory activity by
cell lines AGS and 0-40uM Growth and proliferation  reducing cyclins, endothelial [226]
) SGC-7901 implanted in inhibition growth factor, PKA and
Anti-cancer mice increasing cleaved caspases
expression
D-d tumor mass reduction,
Induced emphvsema and decreased levels of IL-6 and
In vivo. Mice 10 mg/kg diet lun tum}i’)riy enesis AKT and restoration of [227]
& & silenced tumor-suppressor
genes
. . Inflammation biomarkers D-d inhibition of NI.J_KB'
In vivo. Cigarette 7.5-37.5 N TNF-«, AP-1 expression as
and tissue damage . [228]
smoke-exposed ferrets ug/kg/day analysis well as lung tissue squamous
4 metaplasia and inflammation
Siphonaxanthin
D-d reduction of cell viability
. . . and induction of apoptosis by
Anti-cancer In vitro. Ffuman 5-20 uM Analysis on cell viability increasing levels of DR5, [129]

leukemia (HL-60) cells

and apoptosis lower expression of Bcl-2 and

increase in caspase-3

D-d: Dose-dependent; LPS: Lipoplysaccharide, ROS: Reactive oxygen species, IL: Interleukin, NRF2: Nuclear factor E2-related factor 2,
PKA: Protein kinase A, AKT: Protein kinase B, ERK: Extracellular signal-regulated kinase, PAI-1: Plasminogen activator inhibitor-1, MMP:
Metalloproteinases, Bcl-2: B-cell lymphoma 2, PG: Prostaglandin, RR: Relative risk, CI: Confidence interval.

3.3.1. Observation In Vitro

In vitro experiments testing properties of CA are of great value to analyze the role of
specific molecules and discern potential participating molecules. Their apparent results
have been reinforced in multiple animals and human studies, while in some cases, results
have been mixed. In fact, most experiments with CA have been made in vitro. The in vitro
studies analyzed in this article can be divided into two large groups. The first corresponds
to those methods that quantify the antioxidant properties of xanthophylls. The second
group includes those anti-inflammatory or anti-cancer tests in cell cultures. Inflammatory
models usually comprise the use of human or murine macrophage cell cultures and mea-
sure differences in the expression or translation of pro-inflammatory mediators such as
cytokines (tumor necrosis factor alpha (TNF-«), interleukins (IL)-13 and IL-6), nuclear fac-
tor (NF)-k3 (which mediates the expression of these cytokines), and the production of nitric
oxide (NO) or enzymes related to the inflammatory process (cyclooxygenase (COX)-2, nitric
oxide synthase (iNOS)) [209]. A study on RAW 264.7 murine macrophages, splenocytes,
and bone marrow-derived mice macrophages obtained from mice fed with AS reported a
significant reduction of IL-1 and IL-6 and generated ROS. Moreover, the authors described
that AS inhibit nuclear translocation of NF-«f3 and increase the expression of nuclear factor
E2-related factor (NRF)-2, which subsequently involves a lower production of reactive
oxygen species (ROS) and inflammatory response [217]. Experiments involving FU or some
of its metabolites such as fucoxanthinol or apo-9’-fucoxanthinone in vitro have proven
anti-inflammatory activities. On murine macrophages RAW 264.7 with a lipopolysaccha-
ride (LPS)-induced inflammation model, FU and fucoxanthin isomers such as 9'-cis or
13/-fucoxanthin all displayed a significant dose-dependent inhibition of pro-inflammatory
mediators IL6-IL-1, NO, and TNF-« [212]. Likewise, ap0—9’—fucoxanthinone notably re-
duced levels of NO, ROS, TNF-«, and COX enzyme both in RAW 264.7 macrophages and
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zebrafish juveniles [213]. A study with different human colon and prostate cancer cell lines
elucidated that besides the anti-inflammatory and antioxidant effect of 3-carotene, it exerts
a direct pro-apoptotic activity on cancerous cells by reducing the expression of caveolin-1
and inducing the activity of several caspases. This protein is heavily involved in cell cycle
regulation, and its expression leads to increased protein kinase B levels, being both liable of
cell proliferation. Conversely, caspases are signals for apoptosis. The authors were able to
elucidate this significant pathway of cell growth inhibition, as this was observed in human
colon and prostate cell lines that expressed caveolin-1 (HCT-116, PC-3), but not in those
that do not produce it (Caco-2, LNCaP) [229].

3.3.2. Observation In Vivo

Although most of the articles studied dealt with in vitro studies, it is also possible
to find various articles about in vivo studies of the activities of xanthophylls. Most of
these in vivo studies have been carried out with model animals, including mice, rats,
and ferrets. Regarding the results obtained, numerous studies reported that in both
animals and humans, retinol levels decrease related to inflammatory responses [230]. For
instance, 3-cryptoxanthin displayed lower levels of TNF-«, as well as pro-inflammatory
transcription factors such as NF-kf3 and activator protein (AP)-1. Similarly, another study
on the anticancer effect of 3-cryptoxanthin on nicotin-induced lung carcinogenesis in mice
reported significantly lower levels of IL-6 and AKT alongside the re-expression of tumor-
suppressor genes that were silenced by nicotine administration [227]. This interaction
between nicotine and f3-cryptoxanthin was also analyzed in another in vivo study carried
out in this case with ferrets. These ferrets were exposed to cigarette smoke for 3 months
in order to induce pulmonary tissue inflammation and carcinogenesis, showing a dose-
dependent reduction of both in the groups treated with p-cryptoxanthin [228]. On non-
provitamin A CA, dextran sulfate sodium-induced colitis and colon carcinogenesis mice
were treated with AS food supplementation. Tissue and gut mucose analysis displayed
showed significantly lower NF-«f3, TNF-«, IL-1p, IL-6, iNOS, and COX-2 expression,
relating these differences to the near nullification of the induced colitis and a lowered risk of
colon carcinogenesis [220]. Regarding FU, which is one of the most promising xanthophylls,
a study analyzed the anti-inflammatory activity of injected FU by inducing inflammation
with LPS in mice and measuring pro-inflammatory mediators in their aqueous humor.
FU exerted a significant reduction of prostaglandin (PG)E-2, NO, and TNF-« levels, also
showing a lower infiltration of cells and proteins by the induced inflammation. The most
relevant outcome of this study is that the effectiveness shown by FU was highly similar to
prednisolone, which was used to establish a feasible comparison [214]. It is noteworthy that
most carotenoids display anti-inflammatory and anticancer activities in a dose-dependent
fashion, as in cell culture studies.

3.3.3. Observational and Epidemiological Studies

In the last decades, case-control and observational studies have also been carried
out in humans to test the effectiveness of CA to extend life expectancy and other health-
promoting effects such as reducing the risk of developing cancers, chronic inflammatory
diseases, or cardiovascular diseases. Results on the possible chemopreventive effect of CA,
especially of 3-carotene, are mixed [231]. Nevertheless, this effectiveness has been reported
in other studies. Various studies are available, for example, evaluating the potential health-
promoting effects of LU. One of them analyzed the effect of LU supplementation in subjects
from the Shanghai region with early symptoms of atherosclerosis. Albeit the study was
carried out with a small sample (1 = 65), it was observed that the levels of IL-6, MCP-1, and
LDL-cholesterol were significantly lower [221]. In another study, food supplementation
with B-carotene, lycopene, and lutein was provided to preterm infants. Although only C
reactive was used as an inflammation marker, treated groups displayed significantly lower
levels alongside improved retinal development in comparison with the control group [222].
The Alpha-Tocopherol, Beta-Carotene (ATBC) Cancer Prevention Study, which was carried
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out in 1994 with more than 25,000 (n = 29,133) median age male smokers, determined
that intake of 3-carotene and «-tocopherol supplements could increase the risk of lung
cancer, after a <8 year follow-up [232]. Additionally, a 24-year follow-up of these subjects
did not find a significant chemopreventive effect for supplementing 3-carotene toward
liver cancer incidence, but it did seem to exert a protective effect in diabetic subjects [233].
However, a recent prospective cohort study of a 30-year follow-up from these subjects
determined a significant (p < 0.0001) correlation between CA serum levels and reduced
all-cause mortality risk in the study quintiles that displayed higher CA in serum as a
result of supplement intake, despite their advanced age and smoking habits [234]. These
mixed results, also reported in other prospective cohort studies, show a general trend
of a protective effect of CA toward cancer development and inflammation, of which
research has focused extensively in 3-carotene. However, the increased risks of lung cancer
development observed in some studies could arguably be due to an excess of retinol in
treated groups, as many studies used high-dosage CA supplements as treatment, while
subjects may also intake these CA through diet [233]. Taking the case of the ATBC study,
the B-carotene dose was of 20 mg, as much as three times the recommended dietary
allowance of retinol [232]. Conversely, x-carotene, lycopene, and p3-cryptoxanthin have
been inversely correlated with developing lung cancer or at least showing a consistent
chemopreventive effect [235]. Another study assessed serum CA levels from individuals
from the US Third Nutrition and Health Examination Survey (NHANES III) [224], which
evaluated health habits and analyzed the serum samples of the participants. In this
prospective cohort study, a-carotene and p-cryptoxanthin also displayed effectiveness in
lowering the risk of lung cancer development in smokers, but this effect was not apparent
in non-smokers [225]. An extensive meta-analysis of human observational studies with
a total sample size of more than 150,000 individuals (1 = 174,067) assessed results from
13 studies, determining that provitamin A CA may exert a protective effect against cancer
or cardiovascular mortality [236]. Yet, the authors noted that as mentioned, an excessive
production of retinol because of supplementation may be responsible for the reported
increased risks of lung cancer development in some case-control studies that considered
these variables. It is noteworthy that the greatest meta-analysis up to date to our knowledge
evaluated 34 observational studies with a total sample size of 592,479 participants and
established correlations between intake or serum levels of x-carotene and lycopene but
not 3-carotene with lowered risk of developing prostate cancer [237]. These findings also
noted that even if these carotenoids had an apparent chemopreventive activity, they were
ineffective in preventing malignancy of prostate cancer once it was diagnosed. Altogether,
albeit more extensive research with bigger sample sizes and the isolation of potential
confusion factors is required, there is a great body of evidence suggesting that in controlled
dose ranges, both provitamin A and non-provitamin carotenoids have chemopreventive
effects on oxidative stress, inflammation, and cancer development through indirect and
direct pathways.

4. Algae as Source of Carotenoids

Algae are recognized as a good source for numerous bioactive compounds of great in-
terest, xanthophylls being among them, as reflected on this work. However, the application
of these compounds is not linked only to food safety and human health, but factors such
as economic costs, efficacy of the designed product, or current legislation are also of vital
importance when deciding whether a product it is viable or not and, therefore, it is pro-
duced in a commercial way or not. Despite this complexity, algae have become a powerful
industry due to its biotechnological applications, advancements in extraction methods, and
increasing consumer demand for natural products. As a result, a wide range of products
are and have been developed, ranging from nutraceuticals, food additives, or animal feed
to drugs or cosmetics [67]. CA play a very important role in all these applications with
even better results that their synthetic counterpart [238]. All of these progresses mean
that the demand and market of CA are growing significantly, and this year is expected to
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reach $1.53 billion [239]. Despite this, more advances are still needed to reduce the cost
of obtaining it from natural sources. It is estimated that CA derived from algae can reach
the cost of $7500/kg [240], whereas synthetic CA could be obtained at roughly half the
cost [241]. Nevertheless, despite the great diversity of natural and synthetic CA, only a
few of them are commercially produced, including carotenes ([3-carotene and lycopene)
and xanthophylls (astaxanthin, lutein, zeaxanthin, canthaxanthin, and capsanthin) [242].
Some processes have been developed to increase the benefits. For example, high costs
production can be reduced through the development of green technologies as they are
considered more profitable, efficient, and ecological, transforming it into an environmen-
tally friendly process [243]. Another important parameter when optimizing is the selection
of algae used as source. In this regard, the genomic characterization of these species and
identifying relevant target genes involved in CA synthesis and accumulation, paired with
efficient culture and harvest techniques; has proven to be an efficient way to maximize CA
production [116].

However, there are still barriers that must be solved for the commercialization of CA
from algae, such as optimization of their extraction and purification, storage alternatives,
and technologies that increase the bioaccessibility and bioavailability of the compounds
present in algae [151,157,198]. Currently, different processes such as encapsulation or
emulsification arise for CA to achieve their biological functions in humans. In addition, the
research has provided data through in vitro and in vivo digestion studies that clarify the
absorption mechanism of the different CA, which can be used by industries to improve the
formulation of their products. However, more human studies of the nutritional efficiency
of these CA extracted from algae are needed [203].

The lack of uniformity of legislation between the different countries makes its study
complex. That is why in order to carry out the commercialization of the products obtained,
it is necessary to carry out some modifications to adapt them to current legislation. In the
case of the EU, as algae were not being used in a traditional or habitual way in food before
15 May 1997, they are considered as novel food as reflected in EU Regulation 2015/2283.
This regulation is also applicable to all products obtained from algae such as food supple-
ments of their bioactive components or food additives (i.e., phlorotannins from Ecklonia
cava) [244]. Therefore, its commercialization request authorization for its incorporation into
the market from the European Food Safety Authority (EFSA), which requires health risk
studies. These food safety analyses must also be in accordance with current legislation on
food safety and food hygiene, respectively included in Regulation (EU) 178/2002 [244] and
Regulation (EU) 852/2004 [245], ensuring consumer safety. Moreover, these products can
be sold as nutraceuticals without scientific evidence conducted by the EFSA, which is legis-
lated by Regulation CE No. 1924 /2006 [246]. However, this same regulation dictates that
the health claims alleged to these same products must be backed by proper and significant
scientific evidence, which must be submitted to EFSA.

5. Conclusions

The use of algae as raw material for obtaining carotenoids, and especially xanthophylls,
is an alternative that is gaining interest due to its potential and the bioactivities of the
extracted compounds. Currently, CA are used commercially as food additives, feed and
nutrient supplements, pigments, and, more recently, as nutraceuticals for cosmetic and
pharmaceutical purposes. Despite this, there is little information on the impact of some of
these xanthophylls on human health, with most of the studies focusing on FU and AS, which
are compounds that also represent the main marine CA. These molecules are characterized
by having a high antioxidant activity, and this may be one of the main mechanisms in
their anticancer and anti-inflammatory activity. These activities will vary between the
different compounds due to the nature of their terminal groups or the length of the chain,
among others. However, for these proposals to be viable, it is necessary to carry out a
series of advances. These advancements include increased biomass production, increased
extraction, and purification performance, as well as reduced implementation costs. Some
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ways to solve these problems go through genetic engineering or the development of green
extraction techniques.
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Abstract: Every day, we come into contact with ultraviolet radiation (UVR). If under medical
supervision, small amounts of UVR could be beneficial, the detrimental and hazardous effects of
UVR exposure dictate an unbalance towards the risks on the risk-benefit ratio. Acute and chronic
effects of ultraviolet-A and ultraviolet-B involve mainly the skin, the immune system, and the eyes.
Photodamage is an umbrella term that includes general phototoxicity, photoaging, and cancer caused
by UVR. All these phenomena are mediated by direct or indirect oxidative stress and inflammation
and are strictly connected one to the other. Astaxanthin (ASX) and fucoxanthin (FX) are peculiar
marine carotenoids characterized by outstanding antioxidant properties. In particular, ASX showed
exceptional efficacy in counteracting all categories of photodamages, in vitro and in vivo, thanks to
both antioxidant potential and activation of alternative pathways. Less evidence has been produced
about FX, but it still represents an interesting promise to prevent the detrimental effect of UVR.
Altogether, these results highlight the importance of digging into the marine ecosystem to look for
new compounds that could be beneficial for human health and confirm that the marine environment
is as much as full of active compounds as the terrestrial one, it just needs to be more explored.

Keywords: photodamage; skin cancer; photoaging; marine carotenoids; astaxanthin; fucoxanthin

1. Introduction

Whether it is good weather or cloudy, every day we come into contact with ultraviolet radiation
(UVR). UVR from the sun includes emissions with a wavelength range of 100-400 nm, which are
divided into ultraviolet-A (UVA, 315-400 nm), ultraviolet-B (UVB, 280-315 nm), and ultraviolet-C
(UVC, 100-280 nm). As sunlight travels through the atmosphere, all UVC and roughly 90% of UVB are
trapped and blocked by the ozone. Thus, mostly UVA and, in a smaller amount UVB, reach the Earth’s
surface [1].

If under medical supervision, small amounts of UVR could be beneficial to help to treat certain
diseases, such as psoriasis and eczema, and are fundamental in vitamin D production; the extremely
dangerous effects dictate an unbalance towards the risks on the risk-benefit ratio [2]. Indeed, UVR acts
as both tumor initiator and promoter and, for this reason, is defined as a “complete carcinogen.” It is
also the primary amendable risk factor for skin cancer [2]. Both UVA and UVB generate DNA lesions
but in different sites and different ways. UVB radiations have shorter wavelengths than UVA. For this
reason, they are more energetic, but they cannot penetrate the deepest layers of the skin and stop
at the dermal stratum. They act directly on cells” DNA where they cause specific lesions, such as
the formation of cyclobutane pyrimidine dimers (CPDs), which interfere with cell replication and
promote melanogenesis and immunosuppression [3,4]. Besides, UVA reaches the most profound
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skin tissues. It does not trigger direct DNA damage, but it supports oxidative damage by interacting
with intracellular components, such as the chromophore riboflavin or membrane-bound enzymes.
This interaction alters both oxidative and nitrosative homeostasis. As a consequence, on the one
hand, the reactive species that are created, such as the hydroxyl radical (*OH) or superoxide (TO5),
can interact with DNA, generating single-strand breaks; on the other hand, singlet oxygen (10,) is
generated and, in turn, oxidizes DNA bases [5].

Besides cancer, UVR is the main character in perpetuating photodamage in terms of phototoxicity
and photoaging. UVR exposure induces different types of harms, depending on whether the dose is acute
or chronic. Both acute and chronic effects involve mainly the skin, the immune system, and the eyes [1,2].
The visible manifestation of acute damage comprises tanning, sunburn, and erythema. What is not
tangible is that already after a single exposure to UVR, the genetic alterations occur together with the
development of an inflammatory status, which comprises the basis for photoaging, immunodepression,
and severe pathologies, including the above-mentioned skin cancer [1,2]. Chronic UVR exposure
allows the accumulation of such alterations and leads to degenerative and irreversible changes in cells,
tissues, and blood vessels that, if perpetuated, easily translate into non-reversible events [1,2].

Given the multifactorial nature of most types of neoplasms, and as not all neoplasms’ causes are
governable, prevention is not always an achievable therapeutic strategy. On the contrary, the best and
most effective way to counteract skin cancer and, in general, photodamage is prevention. The best
way to do so is the avoidance of UVR exposure [1]. The use of sunscreen lotions and clothes is the
second most effective strategy. However, due to the rise of popularity of outdoor activities, the concept
of a beautifying tan, the low compliance of sunscreen users, and the lack of correct and univocal
information about UVR effects, it is challenging to achieve effective prevention [1].

The mid-ocean ridge covers 23% of the earth, of which only 3% has been explored. In other words,
almost one-quarter of our planet is a single mountain range, and we did not enter it until after Neil
Armstrong and Buzz Aldrin performed the “giant leap for mankind”. Considering that 1600 years of
ocean explorations costs can barely cover the expenses of a single year of the National Aeronautics
and Space Administration [6], it is clear that research and technologies were advancing already in the
20th century, but people’s interest and, therefore, research has always been directed towards outer
space instead of the deep sea [6]. Still, despite only very few parts of aquatic ecosystems having been
explored, that 3% of known oceans currently represents a terrific source for natural agents with active
biological activity.

Animals, plants, and even bacteria have been studied and used as a library where to search
for new compounds that can counteract different pathologies. The marine environment is full of
organisms that produce molecules with antioxidant activity, such as carotenoids that perfectly fit a
photoprotective profile [7]. Algae synthesize and exploit carotenoids to pursue photosynthesis and
protective roles against oxidative stress. Carotenoids are a heterogeneous class of tetraterpenoids that
consist of 3-13 conjugates double bonds and, at times, of six carbon hydroxylated rings at one or both
ends of the molecule. They fall into two categories, namely xanthophylls and carotenes. The first
group is characterized by the presence of oxygen atoms and includes the marine astaxanthin (ASX)
and fucoxanthin (FX) (Figures 1 and 2). Carotenes, on the contrary, are a pure hydrocarbons chain.
The terrestrial 3-carotene (BC) and lycopene belong to this class [8-10].

Thanks to their antioxidant and anti-inflammatory properties, carotenoids showed to prevent
UV-mediated skin phototoxicity, photoaging, and skin cancer [11]. Indeed, they can scavenge free
radicals and inactivate 10,. In particular, the presence of oxygenated carbon rings at the end of
xanthophylls increases the effectiveness of singlet oxygen quenching [8-10].

This review will explore the photoprotective activity of ASX and FX on skin photodamage and
the prevention of UV-mediated carcinogenesis and will discuss the potential use of these compounds
in clinical and cosmetic fields. Several previous reviews explored the beneficial effects of these
carotenoids [12-18]; however, to our knowledge, no one focused specifically on the prevention of all
kinds of skin photodamage in great detail.
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Figure 1. Molecular structure and biological activity of astaxanthin versus UV-mediated damage.
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Figure 2. Molecular structure and biological activity of fucoxanthin versus UV-mediated damage.
2. Astaxanthin

Have you ever wondered why some crustaceans turn red when they are boiled? It is because
of ASX. This carotenoid is stored in various crustaceans and other aquatic creatures fused into a
protein complex known as crustacyanin. The intense and persistent heat of boiling water generates the
liberation of free ASX, which confers the bright red color [19].

There are two primary natural sources of ASX: the microalgae that produce it and the numerous
marine creatures that consume such algae, such as salmon, crustaceans, mollusks, and krill. Interestingly,
the pink crustaceans, for which flamingos are greedy, confer the pink color to flamingos’ feathers.

Usually, algal carotenoids have a photoprotective or light-harvesting role, or both of them [20].
ASX synthesis happens as a defense mechanism whenever the microalga Haematococcus pluvialis is
stressed, for instance, when it is not fully covered by water. On that occasion, the UVRs, that are
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usually screened by water, can damage its tissues and vital parts, and Haematococcus activates one of
the few strategies to protect itself, producing antioxidant substances [21,22].

ASX is one of the most efficient natural antioxidants in both marine and terrestrial environments.
It is 65 times more potent than ascorbic acid, 100 times more than BC, and 10 times more than
tocopherol [23-25]. Moreover, unlike BC, ASX does not have a rebound prooxidant effect [26,27]. It is
much more efficient than BC in quenching radical and non-radical reactive species, such as singlet
oxygen, which are responsible for damage caused by sunlight [25,28,29]. These outstanding properties
derive from its particular molecular structure. ASX consists of two polar moieties (ionone rings)
linked by a long conjugated double bonds carbon chain that represents the non-polar part of the
molecule (Figure 1). If the polar moieties directly quench free radicals or other oxidants, the long
unsaturated ramified carbon chain allows electron delocalization. In this way, the antioxidant effect is
synergized [30-33]. More, this particular layout will enable ASX to slip and position itself within the
cellular membrane, precisely fitting the polar—non-polar structure of the double phospholipidic layers
and conferring protections through the interception of reactive molecular species before they can reach
the inside of cells [30].

ASX exhibits a wide-ranging biological activity, including antioxidant, anticancer,
and anti-inflammatory effects [28] (Figure 1). For these reasons, it has been identified as a perfect agent
to counteract all photoinduced damage and to concur to regulate skin homeostasis.

2.1. Astaxanthin and UV-Mediated Skin Cancer

Given its high impact antioxidant properties, the role of ASX in cancer has been studied for a
chemopreventive role more than as an antitumor agent. Different in vitro and in vivo models have been
exploited to assess its potential in preventing tumorigenesis induced by both UVA and UVB radiations.

As mentioned above, the most common DNA lesion caused by UV, called “UV signature mutation,”
is the formation of CPDs. Upon exposure of DNA to UV, adjacent pyrimidines (CC, CT, or TT) create a
saturated bond that, if not repaired, leads to those DNA mutations that initiate tumorigenesis [34].
UVB increases cutaneous ornithine decarboxylase (ODC) activity. ODC, the first enzyme in the
polyamine-biosynthesis pathway, can cause sustained proliferation and clonal expansion of the initiated
cells, leading to tumorigenesis [35]. For instance, high levels of ODC are crucial in promoting squamous
cell carcinomas by driving the sustained proliferation and clonal expansion of v-Ha-ras—initiated
cells [36]. In UV-exposed hairless mice, ASX negatively modulated the increased polyamine metabolism
better than any other tested carotenoid, such as BC [37]. Furthermore, pretreatment with 5 uM ASX
of human keratinocytes (HaCaT) 24 h before UVB exposure or a topical application of a 0.02% ASX
gel after chronic UVB irradiation on male Wistar mice (3 irradiations per week per 4 weeks) impeded
oxidative DNA damage [38,39].

Dermal fibroblasts are located within the dermis and hypodermis. For this reason, it is more
probable that UVA more than UVB radiations reach these cells and create DNA lesions. ASX entirely
prevented UVA-mediated DNA damage on a human skin fibroblast cell line (1BR-3) starting from
10 nM, 18 h prior 2 h of UVA irradiation. Predictably, this event was escorted by and probably due to
ASX antioxidant activity [5].

To respond to UV-mediated insult due to the increased levels of reactive oxygen species (ROS),
the skin itself deploys non-enzymatic and enzymatic antioxidants. Glutathione (GSH) is a tripeptide
that shields cells from oxidative damage through self-oxidization. Thus, during oxidative stress,
its reserves are depleted [40]. Differently, basal levels of superoxide dismutase (SOD) are increased in
response to superoxide formation [41,42]. ASX was able to respond to oxidative stress sustaining the
physiological redox homeostasis. In particular, preincubation (18 h) with ASX 10 M counteracted
both the GSH depletion and the SOD enhancement that were triggered by UVA [5].

The same antioxidant and DNA-protective effects were recorded replacing ASX with an algal
extract enriched in ASX. However, the extract was able to match the impact of ASX only at the dose
containing a 102 higher concentration than that of synthetic ASX (10 uM versus 10 nM, respectively) [5].
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Firsthand, this result is surprising, since usually, extracts have a higher biological impact than single
molecules due to the synergistic activity of all the compounds that compose it [43,44]. However,
the authors of the study suggested that the differential activity is to ascribe to the low bioavailability of
ASX in the extract [5]. Moreover, since it is not specified, we also wonder which form both commercial
ASX and ASX in the extract are, whether they are in a free or an ester form. Many studies showed
that ASX in the form of ester (ASXE) has a more powerful chemopreventive and anticancer activity,
and this could be a further explanation for the effect of the extract [25]. For instance, ASX mono- and
di-esters (ASXM and ASXD) showed better anticancer protection than ASX on healthy albino Wistar
rats exposed to a combination of UV and 7,12-dimethylbenz(a)anthracene (DMBA) treatment. All ASX
forms (free and esters) were able to significantly reduce the formation of malignant papillomas and
slow down the onset of neoplastic lesions. Still, the esters almost completely reversed UVA effects
(versus 44% of lessened tumor incidence and 65% reduction in tumor burden recorded for ASX).
Both ASX and ASXE were able to counteract lipid peroxidation, SOD increment, and GSH depletion.
The interesting fact is that the mere antioxidant potential did not mirror the chemopreventive activity,
as ASXE have a higher impact in reducing UV-mediated lipid peroxidation. Thus, the anticancer
potential of ASX and ASXE is probably not entirely caused by the direct antioxidant activity as ROS
quenchers [25].

Different studies show the ability of ASX to act not only as antioxidants but also to directly target
other tumorigenic pathways. For instance, ASX and ASXE counteracted the rise of tyrosinase activity
caused by UV-DMBA treatment in rats [25]. Tyrosinase activity is physiologically upregulated as a
consequence of GSH shortage and sustains the malignant transformation of normal melanocytes [45].
Of note, shrimp waste containing ASX had antioxidant potential and was able to lower tyrosinase
activity on human dermal fibroblast cells [46]. In the context of promoting the recycling and re-use
of waste materials to minimize the environmental impact, this finding is remarkable. Furthermore,
both acute and chronic exposure of our body to UVR causes inflammation. As a result of UV-induced
stress, inflammatory cytokines are released, and a protumorigenic environment is established [28].
On UV-DMBA treated mice, both ASX and ASXE 100 pg/kg body weight were able, at least in part,
to avoid an inflammatory status thanks to the ability to restore physiological neutrophil to lymphocyte
ratio and platelet to lymphocyte ratio [25], which represent clinical markers of inflammation and
prognostic factors in different tumor types [47,48].

It is well acknowledged that an immunosuppressive environment supports tumor formation
and progression and that UV exposure promotes the suppression of the immune system and favor
skin cancer development [49,50]. If there is no evidence about the ability of ASX to prevent or
counteract UV-mediated immunosuppression, ASX’s general ability to boost the immune system has
been highlighted in different studies. ASX boosted both humoral and cell-mediated immune response
after polyvalent vaccination in beagle dogs and domestic shorthair cats [51,52]. Dogs were fed for
16 weeks with ASX 20 mg and at week 12, the polyvalent vaccine has been administered, while cats
were fed for 12 weeks with ASX 10 mg and at week 8 the vaccine has been administered. In both
animal models, ASX increased immune globulin (Ig) G production both pre- and post-vaccination but
increased IgM production only after vaccination. A similar immunostimulant event occurs in murine
spleen cells where ASX 20 nM increased IgG and IgM levels after 96 h treatment [53]. In dogs, but not
in cats, ASX also mediated the cellular response increasing T-cell function, while in both cats and dogs
it amplified natural killer (NK) cell cytotoxic activity both before and after vaccination [51,52].

The same effect on NK cytotoxic activity was recorded in humans’ blood after a daily intake of
8 mg of ASX for 8 weeks [54]. Besides, the intake of ASX 100 mg/kg/day per os for 4 days counteracted
the decrease in NK cell activity due to restraint stress in mice [55]. In another study, BALB/c mice were
fed with ASX (0.02%, 40 ug/kg body weight/day in a beadlet form) mixed in a chemically defined
diet three weeks before subcutaneous inoculation with transplantable methylcholanthrene-induced
fibrosarcoma (Meth-A tumor) cells. These cancerous cells convey a tumor antigen that triggers T
cell-mediated immune responses in syngeneic mice. The ASX antitumor activity was accompanied by
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higher cytotoxic T lymphocyte (CTL) activity and interferon-y production by tumor-draining lymph
node (TDLN) and spleen cells in the ASX-treated mice [56]. All these reports show that ASX boosts
both humoral and cellular-mediated immune response in different models and represents the premises
for the investigation of ASX’s ability to counteract UV-mediated immunosuppression.

Furthermore, additional targets are hit by ASX that can concur with the mere antioxidant activity
to confer the chemopreventive activity. The gap junctional intercellular communication (GJIC) is a
system of aqueous channels that allow the communication between adjacent cells and the exchange of
small metabolites to maintain tissue homeostasis. GIJC is involved in cell growth control and cancer
progression [57,58]. A compromised GJIC characterizes many tumors, and its re-establishment supports
the growth suppression of neoplastic foci [59]. Conflicting results have been recorded about the effect of
ASX on GJIC. Concentrations of ASX higher than 0.1 ug/mL generated a detrimental reduction of GIJC
on primary human fibroblasts, and this effect was reversed following ASX withdrawal [60]. However,
two different ASX hydrosoluble derivatives, namely disodium disuccinate ASX and tetrasodium
diphosphate ASX, upregulated GIJC on embryo fibroblasts from 0.001 to 0.1 pug/mL. At higher
concentrations, such as 1 pg/mL, no modulation was recorded [61,62], excluding any detrimental effect.
These controversial outcomes suggest that further studies are needed to sort this question out and
highlight the necessity of assessing a risk/benefit analysis of this carotenoid.

To understand the ASX’s potential therapeutic use, it is crucial to evaluate its toxicological profile.
For the toxicological aspect of ASX, different outcomes have been generated in the past. A 22-year-old
study [63] demonstrated that a diet containing 0.07% ASX exacerbated UV-induced tumorigenesis in
female SKH-Hr-1 hairless mice, increasing the number of lesions and the rapid development of lethal
complications. In the same study, a similar effect was recorded in animals fed with a diet containing
0.07% BC, but not in those fed with a diet containing 0.07% lycopene. However, as data about BC
conflicted with many different studies, the authors of the study highlighted the importance of the
diet in carotenoid bioavailability and hypothesized that dietary factors could interfere with ASX by
fostering the protumorigenic effects [63]. Unfortunately, they did not measure the levels of ASX in
serum or tissues to check the bioavailability nor perform the same experiment changing the diet of
the experimental animals. For this reason, it is not possible to confirm this hypothesis. The latter
study was the only one we found about ASX’s protumorigenic potential, while its toxicological profile
is typically very safe [24,64]. For instance, ASX and ASXE showed a favorable toxicological profile
after oral administration at 100 and 200 pg/kg body weight to mice. No organ toxicity, changes in
bodyweight, or behavior have been recorded together with unaffected biochemical serum parameters
and skin homogenate profile [25].

ASX is commonly used as a food colorant and a supplement for its antioxidant activity and
many other not scientifically confirmed uses. For this reason, very recently, the European Food Safety
Authority (EFSA) carried out a scientific evaluation to assess the human health risks posed by ASX.
Examining scientific literature, they concluded that the ingestion of 8 mg ASX per day is safe [65].
However, in the report, we could not find the protumorigenic effect that was depicted in the study
mentioned above. Thus, it would be interesting to perform an epidemiological study to cross-correlate
data about regular ASX consumers, type of diet, and skin tumors incidence.

Taken these results together, the outstanding direct antioxidant activity and the ability to modulate
protumorigenic targets make ASX overpassing the antitumor potential of other carotenoids, such as
BC and adonixanthin [25,29]. Nevertheless, clinical studies are certainly needed to confirm these
impressive premises.

2.2. Astaxanthin, Photodamage, and Photoaging

2.2.1. Pre-Clinical Studies

As a consequence of UV irradiation, besides tumorigenesis, cells face an intense prooxidative and
inflammatory reaction that gives rise to photodamage and photoaging. The most evident effect caused
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by acute toxic exposure to UVR is sunburn that manifests, for instance, as erythema [2]. As a result
of sunburn, cells respond to the toxic insult by inducing apoptosis of damaged cells [66]. On HaCaT
cells exposed to UVB, a 12 h-pretreatment with ASX (0.4-1 uM) was able to reduce oxidative stress
via ROS quenching and counteract UVB-induced mitochondrial membrane depolarization and the
consequential cell death [67]. Since the loss of mitochondrial potential is an early and irreversible
event in the intrinsic apoptotic pathway [68], and as one of the most common triggers of the intrinsic
apoptotic pathway is oxidative stress [69], ASX-mediated ROS quenching and apoptosis prevention
were likely, at least in part, linked to each other.

Besides ROS, inflammatory stimuli can trigger UV-mediated apoptosis. When UVB reaches our
body, keratinocytes which represent the first target act as sentinels, initiate the danger signal cascade.
These events address the stress and promote apoptosis through the production of pro-apoptotic
inflammatory factors, such as nitric oxide (NO) and the release of inflammatory cytokines, such as
interleukins (ILs), migration inhibitory factor (MIF), and tumor necrosis factor o (TNF-«) [70-72].
Pretreatment or pre- and post-treatment of HaCaT cells with ASX at 5 uM reduced the upstream
and downstream inflammatory response. It counteracted the increase in UVB-mediated inducible
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), and the production of prostaglandin E,
(PGE,). Furthermore, ASX restrained the UVB-induced release of IL-1c [73], IL-1p3 [38], IL-6, IL-8 [73],
TNF-« [38,73], and MIF [38]. As a consequence, ASX was able to prevent apoptosis of UVB-exposed
HaCaT cells [38].

The same inflammation cascade caused by UVA and UVB is one of the causes of photoaging. It can
lead to an altered epithelial-mesenchymal paracrine communication between epidermal keratinocyte
and dermal fibroblasts [74-76]. Metalloproteinases (MMPs) are zinc-containing endopeptidases that
favor the deterioration of the extracellular matrix (ECM). UVR, oxidative stress, and cytokines trigger
their release from keratinocytes and dermal fibroblasts. When UVR reaches the dermis, it directly
triggers gene expression of metalloproteinase 1 (MMP-1), which degrades collagen I fibers and
other elastic ones altering the healthy skin structure [76]. The impaired ECM structure results in
skin sagging and wrinkling, and in the worst-case scenario, it can initiate tumor cell invasion in
photocarcinogenesis [77].

In parallel, UVB- and UVA-exposed-keratinocytes secrete IL-1o that triggers the release of
granulocyte macrophage-colony stimulatory factor (GM-CSF). Both IL-1a and GM-CSF reach the
dermis and stimulate fibroblasts to secrete neutral endopeptidase (NEP), which in turn breaks the
adjacent elastic fibers deteriorating the standard skin structure, reducing skin elasticity, and generating
wrinkles [76]. Altogether, these events cause photoaging with various visible effects, such as wrinkles,
dryness, and laxity [73,78,79].

ASXat5 uM impeded MMP-1 secretion by dermal fibroblasts. In particular, epidermal keratinocyte
pre-treated with ASX were exposed to UVB radiation. The medium was collected and then used
to cultivate dermal fibroblasts, which, in turn, did not show any release of MMP-1, conversely to
fibroblasts cultivated in UVB-exposed keratinocyte medium with no ASX treatment [73]. In a different
study, it has been confirmed that ASX (1, 4 and 8 uM) blocks MMP-1 expression at gene and protein
levels and blocked its enzymatic activity. This effect was accompanied by NEP inhibition. In a latter
study, human fibroblasts were directly irradiated with UVA, and ASX was added after UV exposure [80].
This data is interesting because, as the authors of the study suggest, it excludes that only the antioxidant
potential of ASX is responsible for its protective effect. Indeed, the most common and crucial reactive
species have a life shorter than 4 ps [81], thus the effect of ASX post-treatment cannot be the result of
its antioxidant activity. Besides, ASX post-treatment abrogated the release of GM-CSF and IL-1« in
UVB-treated keratinocytes endorsing the alternative mechanism of action involving a cytokine release
antagonism, instead of an antioxidant one [80].

On animals, the interesting photoprotective potential of ASX has been confirmed. Given that
UVR causes skin damage through ROS formation, such as singlet oxygen, ASX would be expected
to prevent UV-mediated skin damage. However, all ASX common preparations are high hydrophile
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in nature and not suitable for the common lipophile vehicle used for sunscreen. For this reason,
a liposomal preparation was developed to include 6 mol% (% of the amount of ASX—expressed in
moles - on the total amount of all constituents in the preparation) of ASX (Lipo-ASX). This preparation
showed the same antioxidant properties of free ASX in terms of quenching singlet oxygen. Moreover,
Lipo-ASX spread on Hos:HR-1 hairless mice dorsal skin before repeated UV irradiation overcame
many morphological changes due to the UV-exposure, such as the thickness of the epidermal layer
and cockle formation, as well as collagen destruction, preventing wrinkle formation. In parallel,
transporting Lipo-ASX to the basal laminae through the creation of cationic liposomes containing ASX
for iontophoretic transdermal delivery inhibited UV-melanin production, shielding melanocytes from
UVR [82].

ASX’s ability to prevent photodamage and photoaging has been confirmed in other models.
UV-induced photoaging is a chronic process mostly driven by UVA. Komatsu and colleagues [83]
tested chronic UVA exposure (20 J/cm3, 5 times per week for 70 days) on hairless Hos:HR-1 mice while
fed with or without ASXME (0.01% or 0.1% of the AIN-93G diet) purified from Haematococcus pluvialis.
The first useful finding is that ASX reached and accumulated in both dermis and epidermis, thus letting
presume an activity on both levels. The overall effect of ASXME was the avoidance of wrinkles,
water loss, and visible aging signs. Confirming the in vitro studies, the ability to prevent wrinkles is
ascribed to ASX’s ability to keep MMP-13, the mice analogous of human MMP-1, at the same levels of
unexposed mice as well as to suppress the decrease of transglutaminase 2 (TGM2). Indeed, a reduction
in TGM2 would lead to the decline of epidermal-dermal integrity since it favors protein-cross linking
within collagen VII [83]. Starting from day 56, both ASX groups showed lesser dryness with respect
to control, in terms of transepidermal water loss (TWEL), probably due to the ability to suppress the
UV-mediated increase in lymphoepithelial Kazal-type-related inhibitor (LEKTI), steroid sulfatase (STS),
and aquaporin 3 (AOP3), restoring physiological levels [83].

LEKTI is a serine protease inhibitor that inhibits other serine proteases, such as different human
kallikrein (KLK) isoforms. KLKs regulates skin desquamation and inflammation and is a marker of skin
cancer [84]. ASX also increased the content of two natural moisturizing factors (NMFs), pyroglutamic
acid (PCA), and urocanic acid (UCA), as if UVA-exposure did not happen [83]. Both STS and AOP3
play crucial roles in desquamation and water loss [85,86].

Topic application of a gel containing ASX on UVB-exposed Wistar mice significantly reduced
photoaging effects. Mice received increasing energetic UVB irradiation for four weeks (50 m]J/cm?
week 1; 70 m]/cm2 week 2; 80 rn]/cm2 weeks 3 and 4), three times per week. A 0.02% ASX gel was
applied on mice 20 min before and 4 h after irradiation. ASX, as usual, suppressed UVB-induced
MMP-1 and counteracted the degradation of collagen fibers [39].

In another study, HR-1 hairless mice underwent UVA for 8 weeks. UVA intensity was increased
to reach 100 mJ/cm? in 4 weeks. ASX was introduced in the diet at 100 mg/kg body weight.
The supplementation decreased the visible sign of photoaging as wrinkling and skin thickening
and maintained physiological ROS levels. Moreover, ASX increased collagen density overcoming
non-irradiated group levels. It also prevented the reduction of capillaries diameter on UV-exposed
skin through the upregulation of vascular endothelial growth factor (VEGF) and the downregulation
of thrombospondin 1 (TSP-1) [87]. As the reduction of capillaries is correlated to ROS-mediated
endothelial apoptosis [88], this data comes towards ASX'’s ability to prevent photocarcinogenesis,
photodamage, and photoaging.

2.2.2. Clinical Studies

Since animal studies did not highlight any relevant toxic effect after acute or chronic UVA or UVB
exposure, it was possible to proceed with studies on humans.

The American Food and Drug Administration (FDA) defines the minimal erythemal dose (MED)
as “the smallest UV dose that produces perceptible redness of the skin (erythema) with clearly defined
borders at 16 to 24 h after UV exposure”. The ratio between MED of protected skin (MEDp), for instance
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with sunscreen, and MED of unprotected skin (MEDu) represents the famous sun protective factor
(SPF) that is found on every sunscreen container [89].

To assess the effect of ASX on MED in humans, Ito et al. [90] performed a study in which
11 human subjects consumed 4 mg of ASX for 9 weeks. Then, small parts of their back were irradiated
with UVB lamps, and their MED was compared to the one of the placebo group and to their MED
measured irradiating their skin before the beginning of ASX supplementation. ASX administration
significantly increased MED, which resulted 5 times higher than that observed in the placebo group.
ASX supplementation also attenuated the UV-induced decrease in moisture in healthy subjects [90].
The only limitation of this promising study is the number of subjects recruited for the study. If these
results were confirmed on a higher number of people, data would be more robust and pave the way
for the use of ASX as a sunburn protector.

Different clinical studies have been performed to investigate ASX potential to prevent or cure
photoaging signs. For these studies, no artificial UVR was applied to human subjects, but the effect of
ASX supplementation in a standard skin deterioration scenario has been investigated. In a clinical trial
involving 59 healthy female participants in a placebo-controlled, double-blind, randomized trial [73],
two groups of 22 and 19 individuals received oral supplementation of 6 or 12 mg of ASX per day for
16 weeks, respectively. The remaining 18 people constituted the placebo group. Only at the end of
16 weeks some difference between the placebo group and the treated one was noticed. Wrinkle depths
(measured through pictures of subjects and instrumental analysis), skin elasticity, and moisture were
stable for both ASX groups, while deterioration was recorded for the placebo group. Furthermore,
only the higher supplementation dose was able to maintain IL-1c levels steady from day 0 to week 16,
while in both placebo and 6 mg ASX groups, those levels increased [73]. Of note, although the study
did not show any toxic effect, an intake of 12 mg per day exceeded EFSA recommendations [65].

One study took place from August to December 2015 in Osaka [73], when the UV index (UVI)
ranged from 6.6 and 2.0 [91]. UVI is an easy way to address the level of UV radiation. The World
and Health Organization (WHO) states that until UVI 3, no protective measures are needed. Above 3,
protection is necessary, and above 8 those protections should be reinforced [1]. In this study, 3 months
of experimentation fall into the moderate category, and the other 2 in the low group [91]. This was the
only study where the investigators specified both period of the year and city where the study took
place. Still, this detail would be interesting to uniform and understand the applicability of the different
studies outcomes. What emerges from this study and some similar ones is that ASX administration
prevented general photoaging in terms of wrinkle, dryness, and elasticity at a dose ranging from 2 to
12 mg per day [73,92-95] and that ASX supplementation was safe during the whole duration of the
study (16 weeks) at 12 mg/day. For instance, no alteration in blood or in the function of the liver, kidney,
and serum cholesterol has been recorded [73]. An uncontrolled trial showed that a concomitant oral
assumption of 6 mg ASX, together with topical use of a preparation containing the same carotenoid
(78.9 uM) promoted a better effect on the same photoaging markers [93].

Whether the majority of these studies agree that ASX can prevent the formation of UV-related
skin markers, research conducted by Chalyk et al. [94] claimed that ASX 4 mg orally taken for 4 weeks
actively counteracted the pre-existing effect of photo- and physiological-aging. The residual skin
analysis showed a decrease in corneocyte desquamation, and the blood test showed lower systemic
malondialdehyde levels, which represent a marker of oxidative stress [94]. These promising results are
not conclusive and, for sure, have to be confirmed. Indeed, usually, for all other reports we considered
in this review, ASX’s effect was visible following an extended period of supplementation (at least
16 weeks). Furthermore, we agree with Ng et al. [96] who, in their systematic review, point out that all
these clinical studies are not without flaws. Whether because of the lack of placebo and/or control
groups, or the low participant number, data are not conclusive. In addition, most of the research
on humans has been funded by commercial entities, and a bias due to conflict of interests cannot be
excluded [96].
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Overall, more structured clinical studies are needed to understand the real photoprotective
potential of ASX.

3. Fucoxanthin

FX represents more than 10% of the total carotenoids, counting within the terrestrial and marine
environment [97]. It is a xanthophyll mainly produced by brown algae and stored in chloroplasts.
It is present in edible algae commonly used in Japanese and Korean traditional food, such as Kombu
(Laminaria japonica) and Wakame (Undaria pinnatifida) [98]. FX was isolated for the first time in 1914,
and, 50 years later, its chemical structure was characterized [97]: the standard polyene chain links
particular functional groups, such as an allenic bond, and hydroxyl, epoxy, carbonyl, and carboxyl
moieties in the terminal rings (Figure 2). This complex structure explains the ability to quench singlet
oxygen and to scavenge free radicals [99,100]. For instance, FX transforms the excess of energy that
originates from singlet oxygen in heat. Mechanistically, a transition into the triplet state and consequent
relaxation to the single state without changing the chemical structure happen. Besides, the high number
of FX’s conjugated bonds allows this carotenoid to donate electrons to free radicals forming adducts,
with the result of quenching the reactive species [98,100]. In addition, conversely to most of all other
carotenoids, FX quenches free radicals also in anoxic conditions, which is a very rare ability [98].

As for ASX, many studies show that FX has better antioxidant and photoprotective properties
than the most common terrestrial origin antioxidants and carotenoids [101].

3.1. Fucoxanthin and UV-Mediated Skin Cancer

FX’s preventive activity on UV-mediated carcinogenesis has been investigated only in vitro on
keratinocytes and fibroblasts.

As previously reported, UVR in general and UVB, in particular, induce an inflammatory state that
could promote detrimental effects, such as cutaneous inflammation, erythema, sunburn, photoaging,
and, if the exposure is particularly vigorous or perpetuated, DNA damage and skin cancer [102].
In basal cell carcinoma and many other neoplastic lesions, tumorigenesis and cancer development can
be perpetuated by forming the so-called inflammasome. Inflammasome, and specifically NLR family
pyrin domain containing 3 (NLRP3), is a protein complex that mediates pyroptosis, an inflammatory
regulated type of cell death. Diverse stimuli, such as oxidative stress and UVR, promote the activation of
NLRP3 that results in caspase-1 activation, which in turn provokes the activation of immunostimulant
and proinflammatory cytokines, such as IL-18, IL-1x, TNF-«, and COX-2. Those mediators are
then responsible for the establishment of the protumorigenic environment [103,104]. A pretreatment
with FX'5 uM could not break down inflammasome-related players on UV-exposed HaCaT human
keratinocytes, such as NLRP3, caspase-1, and the inflammasome adaptor protein (ASC). Still, together
with rosmarinic acid at a concentration of 5 uM, it gained this ability. Of note, neither rosmarinic acid
alone counteracted pyroptosis. Besides, FX 5 uM alone slightly decreased UV-mediated cell death
and cell-cycle alterations. These effects were again synergized by rosmarinic acid and accompanied
by a strong antioxidant effect in terms of nuclear factor erythroid 2-related factor 2 (Nrf2) cascade
activation [103]. Given that most of the studies that we are going to show in the next paragraphs
exploit higher concentrations of FX, up to 50 uM, we wonder if the effects of rosmarinic acid could be
produced by increasing the dose of FX alone.

In HaCaT cells, pretreatment with FX 10-50 uM lowered the release of IL-6 [101], which is
prodrome for skin aging and carcinomas [105], and prevented the increase in ROS level due to UVA
and UVB irradiation [101,106]. Moreover, compared to the UV-exposed group, FX at 10 uM lowered
keratinocytes proliferation, which represents a marker of skin cancer [101]. Indeed, as a defense
mechanism, skin counteracts the UV-mediated harm by arresting the cell cycle to repair the damaged
cells or, if the damage is irreversible, by inducing apoptosis. When the toxic insult overcomes the
organism'’s ability to respond, these mechanisms fail, and further UV exposure results in DNA damage
and clonal cell expansion [107].
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In human fibroblasts, FX showed an intense protective activity against UVB irradiations.
In particular, it completely counteracted UVB-induced ROS formation and partially prevented
UVB-mediated cell death. Starting from 50 uM, FX inhibited UVB-mediated DNA damage, probably
thanks to its antioxidant activity, letting presume the ability to prevent the formation of neoplastic
lesions [108].

Unfortunately, no in vivo nor clinical studies confirm the interesting in vitro results, lowering the
impact of this compound as a chemopreventive agent.

3.2. Fucoxanthin, Photodamage and Photoaging

If ASX’s potential to prevent photodamage is achieved mostly via oral integration, FX exerts a more
effective photoprotection when incorporated in topical preparations. Unlike ASX, which accumulates
well in the skin [83], FX hardly reaches an effective concentration in that organ after oral
administration [109]. For this reason, a way to overcome this flaw and still exploit FX potential
is to use this carotenoid in topic formulations, such as ointments, lotions, and emulsions.

An ointment containing 200 ug FX prevented UVB-induced erythema in female SHK-1 hairless
mice. The pretreatment with FX after exposure to an acute proinflammatory dose of UVB (360 m]/cm?)
improved skin conditions in terms of skin moisture and elasticity. At a molecular level, it counteracted
the inflammation cascade through the decrease of COX-2 levels and the oxidative impairment through
the upregulation of Nrf2 and its target gene heme oxygenase-1 (HO-1) [101]. The same FX-containing
ointment prevented UVB-mediated skin edema and an increase in myeloperoxidase (MPO) [101].

A prevalent consequence of UVR exposure is the onset of hyperpigmentary disorders (HDs).
To name one, the most common HD is solar lentigo. Solar lentigines are true and proper skin lesions
and represent risk indicators for skin cancer (melanoma and non-melanoma). HDs are often the
consequences of increased production of pro-melanogenic factors escorted by an altered expression
or activity of receptors on melanocytes [110,111]. An interesting study showed that FX inhibited
melanogenesis in vitro (B16 cells) and in vivo (guinea pigs). In vitro, FX slightly suppressed tyrosinase
activity and theophylline-induced melanogenesis at 10 and 30 mg/mL by three-day treatment, but a
more effective outcome was observed in the animal experiments. In vivo, the back of the skin of guinea
pigs has been irradiated for 14 days with incremental UVB doses (7 days 160 m]J/cm? followed by 7 days
320 mJ/cm?). EX, in the form of food (10 mg/kg) or ointment (50 uL of white petrolatum containing
0.01-1% of FX) applied after UVB irradiation, efficiently blocked cellular melanogenesis for six to ten
days after the last irradiation session [11].

Many substances can trigger melanocyte receptors and start melanogenesis. Melanocyte
stimulating hormones (MSH), prostaglandins, and common cytokines belong to this category and
are specifically increased after UVB exposure. Both oral and topic application of FX decreased the
mRNA levels of the PGE; precursor COX-2. Endothelin receptor A p75 neurotrophin receptor (NTR),
that is a low-affinity receptor of NT-3, melanocortin 1 receptor (MC1R), that is MSH cognate receptor,
and tyrosinase-related protein 1 (Tyrp1) are other melanogenesis stimulants increased by UV exposure
and were all suppressed by FX, especially via the topical application at the same concentrations needed
to block melanogenesis (0.01-1%) [11].

Interestingly, the antimelanogenic effect via both topic and oral administration was more efficient
in vivo than in vitro (on B16 cells), where the entity of melanin reduction was similar to only a half of
the effect of the gold-standard drug for many HDs, retinol. The reason behind this behavior is that
FX is metabolized in several organs and tissues, and various metabolites reside in different organs.
Since so far nobody characterized the FX metabolites that accumulate in the skin, the authors of the
study suggested that they could be fucoxanthinol and amarouciaxanthin A, the most abundant and
common metabolites of FX, and that those molecules should be investigated for antimelanogenic
activity in vivo [11].

Matsui et al. [112] showed that application of a 0.5% FX vaseline-based cream at day 5 after 4 days
of UVB chronic irradiation (1 h per day, 2.7 J/cm?) on female ddY strain mice, efficiently cured the
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sunburn. The same protective effect was not recorded for the antioxidant N-acetylcysteine (NAC),
the steroidal anti-inflammatory clobetasol, or BC nor its metabolite retinoic acid (RA). Thus, as for ASX,
FX'’s photoprotective activity is probably not the result of the mere antioxidant potential, but the sum
of the antioxidant activity and modulation of other pathways. To understand what made FX able to
cure the photodamage, the authors of the study used a complementary approach. First, they excluded
UVR absorption as FX showed an absorption peak mainly outside the UVA range (215-400 nm).
Subsequently, they assessed whether and which substances were able to quench H,O, and lessen
oxidative stress through acellular bioassays and in vitro. They noticed that FX and NAC were able
to do that; thus, as FX, but not NAC, cured the sunburn, they excluded that ROS quenching was the
solely healing mechanism in mice.

The next step has been performing a microarray analysis of UV-exposed mice skin to identify which
genes were mostly modulated by the irradiation. Filaggrin (Flg) is a protein fiber that acts as an essential
mechanical support for the assembly of keratin filaments and regulates epidermal homeostasis [113].
The lipid envelope, which plays a crucial role in the skin barrier function, incorporates them within the
stratum corneum. In the higher part of the stratum corneum, Flg is converted into its active form and
takes part in the water retention process. A dysfunction of Flg and the barrier function of the epidermis
generates various atopic disorders, such as atopic dermatitis. In the study of Matsui et al. [112],
UVB exposure comported a dramatic downregulation of Flg gene levels with those of its promoters,
the caudal type homeobox 1 (Cdx1) [112]. Indeed, in silico experiments showed that Cdx1 was
downregulated by UV irradiation as well. FX, but not any other compound mentioned above, restored
physiological levels of both Flg and Cdx1, suggesting a pivotal role of Flg in this fascinating carotenoid
curative activity [112].

A less concentrated preparation of FX (80 uL of a solution containing 0.001% FX) prevented
UVB-mediated photoaging on female Hos:HR-1 hairless mice. Applied 2 h before any session of
incremental UVB irradiation doses (from 30 mJ/cm? to 65mj/cm2) 5 times per week for 10 weeks,
FX efficiently avoided wrinkle formation and epidermal hypertrophy. At a molecular level, in the
epidermis, the same treatment lowered ROS levels and MMP-13 expression together with VEGF [114].
Angiogenesis in general and VEGF, in particular, are increased after UV irradiation [115,116] and
actively sustain photoaging and wrinkle formation [117]. In this study too, the authors suggest that
FXis not likely to exploit its photoprotective activity through the absorption of UVB [114] and other
literature supports the fact that FX’s absorption is relatively weak in UV wavelengths [98,114].

A very recent study showed that FX can be incorporated in sunscreen and efficiently synergize the
effect of two common sunscreen compounds through UVR absorption. In a reconstructed skin model
that mimics all different layers of human skin, 0.5% (weight/volume) FX enhanced the antioxidant
properties of a standard sunscreen containing avobenzone and ethylhexyl methoxycinnamate [106].
In the same model, FX significantly exhibited the photoprotective activity of the same sunscreen.
FX showed an acceptable degree of photodegradation that was accompanied by a 72% enhancement in
UVA and UVB absorption compared to the only sunscreen. No phototoxic events have been reported
on the skin model, conversely to the positive control ketoprofen, which promoted abundant cell
death [106]. This latter information opens things up about the use of FX in sunscreen formulations and
adds further elements to the discovery of FX’s mechanism of action, especially from the perspective of
increasing sunscreen efficacy. Indeed, although sunscreens rely on substances that filter UVB and UVA,
recently, many studies show that antioxidants can improve the filter activity, probably by stabilizing
them. Some of these combinations are indeed already on the market [118].

4. Current Challenges and Future Perspectives

Excluding the avoidance of UVR, the most effective way to protect from sun radiations is the use
of sunscreen. However, sunscreen effectiveness is often inadequate due to low compliance. Thus,
an alternative way to protect from the detrimental effect of sunlight, which includes all types of
photodamage, such as sunburn, photoaging, immunosuppression, and the burden of skin cancer,
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should be taken into consideration [1]. So far, however, no supplement has been demonstrated to protect
our skin from sunlight damage efficiently. Many natural antioxidant compounds, such as carotenoids,
showed encouraging properties in terms of photoprotection [119]. Among them, the marine carotenoids
ASX and FX stand out, overpassing the potential of the most efficient terrestrial carotenoids, such as BC.

As presented in this review, both ASX and FX protected from DNA damage and oxidative stress,
exhibited an anti-inflammatory and immunostimulant activity, together with the activation of specific
pathways involved in the prevention of UV-mediated phototoxicity, photoaging, and skin cancer
(Figures 1 and 2). ASXis far more characterized than FX, which lacks entirely clinical studies. For ASX,
a complete profile about its photoprotective potential in vitro and in vivo has been drawn, while for
FX, some aspects have still to be investigated. For instance, the ability to protect from UV-induced
carcinogenesis has been investigated in vivo only for ASX, while for FX the focus has been put on its
ability to prevent phototoxicity in terms of sunburn and photoaging.

To be fair, it should not be underestimated that the cosmetic effects for both these carotenoids
have been investigated. On the one hand, all UV damages are intertwined, and a simple sunburn or
UV-induced lentigines can result in far more dangerous skin cancer. On the other hand, besides the
physiopathologic correlation between UV-induced photoaging and cancer, we would like to highlight
that the mere positive esthetic benefits of photoprotective supplements can indirectly help to counteract
skin tumors. Usually, since wrinkle formation and brown spots are visible, while tumors are
perceived as far events, the use of a photoprotective supplement that concurrently prevents photoaging,
photodamage and tumorigenesis is a win-win condition. Indeed, people who are more aware of
UV-mediated premature aging are also more prone to use sunscreen and protection from UVR [120,121].
Thus, since the low compliance often hampers the efficacy of measures concerning the protection from
sunlight, a further incentive in the form of antiaging effect can only be beneficial.

Still, both FX and ASX showed a very high potential, but not conclusive results due to the lack
of proper clinical studies. In the big picture, what is missing is the demonstration of the cause-effect
relationship between the administration of ASX or FX and the protection and prevention of UV-mediated
damage. Regarding ASX, this concept is reiterated by EFSA, which rejected the claim “protection of
DNA, proteins, and lipids from oxidative damage” [122].

It is worth noting that in 2004 the World Intellectual Properties Organization approved a patent
for the development of a method for reducing, preventing, ameliorating, or reversing oxidative DNA
damage in animals and human subjects with ASX alone or in combination with other agents [123].
The study presented in the patent tried to demonstrate the antioxidant potential of ASX extracts, but no
evidence has been produced about the overall effect deriving from these antioxidant properties, nor a
straightforward cause-effect analysis between ASX intake and the antioxidant effect [123]. Moreover,
we identified some pitfalls, such as lack of statistical analysis and experimental details (number of
subjects), which limit the robustness of the study.

Given the even lower number of studies about FX and the complete lack of clinical ones, this issue
is even more evident. However, this current situation does not change the high potential that these
carotenoids have shown and that, according to the studies reported here, they have better activity
than the most studied and promising carotenoids of terrestrial origin [25,28,29]. The properties that
both carotenoids showed in vitro and on the animal in different photodamage models are outstanding.
The antioxidant effect and the implication of different pathways make ASX and FX still good candidates
for future therapeutic and cosmetic applications.

To better understand the potential benefits of high intakes of ASX and FX in food, or as a
food supplement, bioavailability and pharmacokinetic analysis are necessary. As for all carotenoids,
the bioavailability of ASX and FX is hampered by their lipophilic nature, and for this reason, they are
better absorbed when ingested with other lipids that vehicle the substances in the organism [124].
After oral administration, ASX is absorbed by intestinal mucosal cells, assimilated with lipoproteins,
and transported into the tissues where it is accumulated [125]. Its bioavailability is not high, but the use
of lipophilic formulations expedites improvement. Indeed, in humans, after 4 h after the ingestion of
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40 mg of ASX, its plasma concentration can range from 4% to 34% of the ingested dose depending on the
formulation, where the high lipophilic preparation generates the better availability. At the maximum
plasma peak (around 10 h after consumption), the same 40 mg of ASX generated a plasma concentration
of 90.1 ug/L while the lipophilic formulation yielded a value of 191.5 ug/L [124]. This information is
important when it comes to choosing the type of diet or formulation for ASX intake. While it is known
that ASX accumulates in different tissues in mice, such as skin, liver, spleen, kidneys, and eyes [126],
no evidence has been produced for humans, and this represents another missing piece for the evaluation
of ASX’s therapeutic potential. Of note, ASX’s bioavailability studies did not include its metabolites
because ASX’s activity has been ascribed to its unchanged form [31,126].

On the contrary, FX is absorbed as fucoxanthinol, a hydrolyzed metabolite, in the small intestine
that, in turn, is converted to amarouciaxanthin A [127]. For this reason, these two molecules have been
used to monitor the pharmacokinetic properties of FX. In humans, the bioavailability of FX is even less
efficient than that of ASX. After a single dose of an oral preparation of kombu extract containing 31 mg
of FX, the plasma concentration of fucoxanthinol reached the highest concentration of 27.2 ug/L after
4 h after ingestion, while amarouciaxanthin A was not detected at all. In a different scenario, 0.31 mg
FX daily for 28 days showed that FX did not lead to the accumulation of fucoxanthin metabolites in
the body. As for ASX, the accumulation of FX nor its metabolites in the different tissues has not been
analyzed in humans, but only in mice [127]. In particular, dietary FX preferentially accumulates as
amarouciaxanthin A in the adipose tissue and as fucoxanthinol in the other tissues such as liver, kidney,
spleen, heart, and lung, but not skin [109].

All the aforementioned information leads to the conclusion that with careful planning ASX is
suitable to be used in oral preparation, while FX for its pharmacokinetic properties would be more
efficient as a therapeutic drug if used as a topical preparation. It is interesting that the two carotenoids
have different chemical-physical properties and can be exploited in different ways, in terms of oral
integration, topical use, or even sunscreen preparation. Consequently, since personal habits play
a crucial role in the compliance of photodamage protection, giving people the options of choosing
between oral and topic administration could increase the number of individuals undergoing the
prevention treatment.

Another aspect that has to be considered is that, besides the effectiveness of these carotenoids, it is
necessary to assess their safety, whether they are used as a supplement or topical agent with curative
or cosmetic effects. So far, both carotenoids showed a lack of toxicity. Oral administration of ASX
proved to be safe on both animal and human tests, while for FX safety evidence arose only in vivo and
on a model of reconstructed skin. A single and 13-week oral toxicity study on rats showed that up to
200 mg/kg body weight per day FX was safe, and no mortality nor abnormalities were observed [128].
Besides, following the organization for economic co-operation and development guideline number 439
“In Vitro Skin Irritation: Reconstructed Human Epidermis Test Method”, the topical application of
FX in the skin model proved to be a non-irritant [129]. Moreover, these data are promising, but not
definitive. Bearing in mind the terrestrial xanthophyll canthaxanthin, used until 1990 as a tanning pill,
but then withdraw from the market by FDA for canthaxanthin-induced retinopathy [130], attention
should be paid to ASX and FX as well.

5. Conclusions

This review describes the photoprotective activity of ASX and FX on skin photodamage and the
prevention of UV-mediated carcinogenesis and highlights the potential use of these compounds in
the clinic and cosmetic fields. While a very favorable and nontoxic profile for both ASX and FX has
been identified, further studies are needed to understand if this potential will translate into a concrete
photoprotective effect in both oncology and cosmetology.
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Abstract: Carotenoids are natural fat-soluble pigments synthesized by plants, algae, fungi and
microorganisms. They are responsible for the coloration of different photosynthetic organisms.
Although they play a role in photosynthesis, they are also present in non-photosynthetic plant
tissues, fungi, and bacteria. These metabolites have mainly been used in food, cosmetics, and the
pharmaceutical industry. In addition to their utilization as pigmentation, they have significant
therapeutically applications, such as improving immune system and preventing neurodegenerative
diseases. Primarily, they have attracted attention due to their antioxidant activity. Several
statistical investigations indicated an association between the use of carotenoids in diets and a
decreased incidence of cancer types, suggesting the antioxidant properties of these compounds
as an important factor in the scope of the studies against oxidative stress. Unusual marine
environments are associated with a great chemical diversity, resulting in novel bioactive molecules.
Thus, marine organisms may represent an important source of novel biologically active substances
for the development of therapeutics. Marine carotenoids (astaxanthin, fucoxanthin, 3-carotene,
lutein but also the rare siphonaxanthin, sioxanthin, and myxol) have recently shown antioxidant
properties in reducing oxidative stress markers. Numerous of bioactive compounds such as marine
carotenoids have low stability, are poorly absorbed, and own very limited bioavailability. The new
technique is nanoencapsulation, which can be used to preserve marine carotenoids and their original
properties during processing, storage, improve their physiochemical properties and increase their
health-promoting effects. This review aims to describe the role of marine carotenoids, their potential
applications and different types of advanced nanoformulations preventing and treating oxidative
stress related disorders.

Keywords: bioavailability; carotenoids; marine; nanoformulation; oxidative stress; reactive
oxygen species
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1. Introduction

The World Health Organization revealed that approximately 80% of the world’s population count
on medicinal plants, in order to maintain their health or for treatment purposes. Medicines and nature
have been strictly linked through the utilization of traditional medicines as therapeutic agents for
thousands of years. Plenty of studies were performed on traditional medicines, which were primarily
plants, constituting the basis of most early medicines (such as aspirin, digitoxin, morphine, quinine,
etc.) and providing a pivotal role in today’s drug discovery [1]. Even today, natural metabolites play
a crucial role as one of the major sources of novel medicines due to their incomparable structural
diversity, relatively small dimensions (<2000 Da), and their drug-like properties (absorption and
metabolism) as well [2].

Marine flora and fauna, such as algae, bacteria, sponges, fungi, seaweeds, corals, diatoms,
etc. serve as a generous source of bioactive metabolites with a great difference and complexity.
The variance of marine environments, sea, and oceans offer a limitless biodiversity in compounds
obtained from marine species. In order to survive in extreme habitats, they have developed particular
secondary metabolic pathways to produce molecules to accommodate their lifestyles. For example,
despite the unusual environmental conditions (light and oxygen exposure) that might lead oxidative
damage, marine organisms do not undergo any serious photodynamic damage. Hence, it is known
that marine organisms are able to synthesize molecules with bioactivity, especially antioxidant
molecules, to protect themselves from external factors, such as ultraviolet (UV) radiation, stress,
and herbivores [3,4]. Marine organisms attracted the interest of scientists due to the substantial
bioactivities of their extracts and isolates. In this purpose, a number of metabolites of a wide variety
of chemical classes, including terpenes, shikimates, polyketides, acetogenins, peptides, alkaloids,
and many unidentified and uncharacterized structures, were purified from marine bio resources and
exhibited several utilizations as nutraceuticals and pharmaceuticals [2]. Those compounds have various
pharmacological activities, such as antioxidant, antibacterial, antitumor, antiviral, anti-inflammatory,
antidiabetic, antihypertensive, anticoagulant [4]. Amongst them carotenoids have become the topic
of great interest for pharmaceutical industry; thus, they have significant antioxidant activities and
anticancer activities [5-8].

Carotenoids are naturally occurring lipophilic pigments responsible for the red, orange and
yellow color of some species of archaea and fungi, algae, plants, and photosynthetic bacteria as well.
They are in the structure of tetraterpene and capable of absorbing light primarily between 400 nm
and 500 nm. They are encountered in macroalgae, bacteria, and unicellular phytoplanktons and
perform diverse and notable functions such as protecting chlorophyll via absorbing light energy and
transferring it to chlorophyll and scavenging free radicals of oxygen [9]. Animals are not capable of
synthesizing carotenoids de novo since they need to ingest carotenoids via supplementation or in food.
Aquatic animals ingest carotenoids from foods, such as algae and other animals, and convert their
structure via metabolic reactions leading structural diversity. To date, more than 850 carotenoids were
detected in nature, including up to 100 that are present in the food chain and human nutrition, and
more than 250 are of marine origin [10-12]. The importance of carotenoids is due to their functional
properties, not only as natural antioxidants and color enhancing agents in the food industry, but also
as pharmaceuticals and as chemotaxonomic markers [8]. Carotenoids play significant role in eye, bone,
and cardiovascular health; they are used in cancer prevention, to boost immune function and cognitive
performance, as infant nutrition, and antioxidant, antitumour, antiaging, and anti-inflammatory agents.
Carotenoids exert their activities via different mechanisms. For example, x-carotene and 3-carotene
are converted to vitamin A in the human body, and show its activity, lutein, and zeaxanthin protect
human eye by absorbing blue and near UV light [8,9,11]. However, technically, the reason behind the
other activities of carotenoids is thought to be due to their significant antioxidant activity.

Oxidative stress leads the formation of reactive oxygen species (ROS) against the endogenous and
exogenous stimuli. Under physiological conditions, ROS are repeatedly generated and eliminated
through ROS scavenging systems in order to maintain redox homeostasis. Change in redox balance
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leads altered ROS production, resulting in cell damage, aberrant cell signaling; thus, disruption of cell
homeostasis [13]. ROS are extremely hazardous for living organisms, causing detrimental diseases,
such as cardiovascular diseases, cancer, and diabetes. ROS involve in carcinogenesis through inducing
persistent DNA injuries and mutations in p53, the tumor suppressor gene, genomic instability, and
aberrant pro-tumorigenic signaling; thus, they might be considered as oncogenic. Thus, prevention
of ROS production and balancing antioxidant system is thought to inhibit cancer development. On
the contrary, many chemotherapeutic agents in cancer therapy, as well as ionizing radiation, function
by promoting ROS production and promoting apoptosis and necrosis of the cells. For instance, some
molecules, such as paclitaxel, are able to attack cancer cells via inducing ROS generation or interfering
ROS metabolism [14]. Since high levels of ROS are also toxic to cancer cells and potentially induce cell
death [13,14]. There are plenty of clinical researches revealing the anticancer and activity of antioxidants;
hence, counterbalancing the ROS mediated injury is extremely important in the prevention of plenty of
diseases, including cancer [15].

Antioxidants often refer to compounds that are able to donate an electron and neutralize free
radicals resulting in scavenging and preventing cell injuries. Carotenoids are not only essential
antioxidants, they are also crucial anticancer agents. They exert their anticancer activity via promoting
gap junctional communication. Carotenoids initiate cell proliferation and differentiation by binding
and regulating the receptors (retinoid acid receptor (RAR) and retinoid X receptor (RXR)). Although
they have significant pharmacological activities, there are several limitations of carotenoids, such
as low solubility in water, easy degradation, low shelf life, and unfavorable pH in digestive tract
leading to alleviated bioavailability. To overcome these undesirable properties, various encapsulation
methods are preferred for carotenoids [9]. In this paper, chemical structures, sources, bioavailability,
and activities of carotenoids from marine organisms are overviewed.

2. Chemical Structures of Carotenoids

Most carotenoids are tetraterpenoid compounds consisted of a sequence of eight isoprene units.
Biosynthesis of carotenoids include condensation reactions begin with the basic C5 unit dimethyl
allyl diphosphate (DMADP) and isopentenyl diphosphate (IDP) units. Prenyl transferases lead the
formation of several intermediates that are the origin of the biosynthesis branches for the formation of
mono-, di-, and triterpenes. Subsequent tail to tail condensation of two geranylgeranyl diphosphate
units to the head to tail condensation of DMADP and IDP to geranyl diphosphate evoke the synthesis
of phytoene [16]. Nevertheless, the core structure is a polyene backbone with a series of conjugated
C=C double bonds and an end group at both ends of this chain [12]. Typical structures of carotenoids
are shown in Figure 1.

Currently, carotenoids are classified according to the presence of oxygen; carotenes without oxygen
(pure hydrocarbon), and xanthophylls with oxygen in their chemical structure. Parent carotenoid
lycopene is produced after stepwise desaturation of phytoene. Lycopene cyclases might interfere the
formation of rings at both ends and produce carotenes such as a-carotene, 3-carotene, 3,1p-carotene
(y-carotene) (Figure 2). There are about 50 types of carotenes detected in nature [12].
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Figure 1. Typical structures of carotenoids.
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Figure 2. Structures of 3-carotene and lycopene.

Xanthophylls are often characterized by the occurrence of carbonyl, carboxyl, hydroxyl, and
epoxide groups in which pairs of hydrogen atoms are replaced with oxygen atoms. More than 800
kinds of xanthophylls have been reported in nature till today. p-cryptoxanthin, lutein, zeaxanthin,
astaxanthin, fucoxanthin, and peridinin (Figure 3) are the examples of common xanthophylls. Although
there are acyclic (e.g., lycopene) carotenoids are present, more common are with six membered (or
rarely five-membered) ring at one end or both ends (bicyclic) of the molecule. [12,16,17]. Cis/trans
isomerization is seen regarding to the stereochemistry of carotenoids. Biosynthetic pathways principally
lead the trans configured carotenoids to be dominant in nature, although there are few examples of
natural cis derivatives [16].
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Figure 3. Structures of the examples of common xanthophylls.

Marine sponges are generally in brilliant colors due to the occurrence of carotenoids. They are
often associated with symbionts such as bacteria or microalgae. Isorenieratene, renieratene, and
renierapurpurin (Figure 4) are the frequently encountered aryl carotenoids in marine sponges.
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Figure 4. Structures of isorenieratene, renieratene, and renierapurpurin.

To date, more than twenty aryl carotenoids have been detected in sponges. Since those compounds
also reported in green sulfur bacteria, it was assumed that carotenoids in sponges originated from
symbiosis with bacteria [10]. 2-nor-astaxanthin and actinioerythrin are the examples of characteristic
carotenoids in sea anemones [10]. Lutein, zeaxanthin, fucoxanthin, and their metabolites are the
mainly occurring carotenoids in chitons. 3-carotene, x-carotene, zeaxanthin, lutein, and fucoxanthin
are primarily encountered on the shells of abalone, and turban shell. Astaxanthin is the principle
carotenoid synthesized from (-carotene by many crustaceans’ algae. They ingest 3-carotene from
dietary algae astaxanthin—it is also widely encountered in both marine and fresh water fish [10].
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3. Sources of Carotenoids from Marine Organisms

Carotenoids are very common in nature and can be found in highly diverse habitats. Terrestrial
vegetables and fruits are important sources of carotenoids. Nonetheless, numerous marine organisms
are likewise valuable sources for them. Both prokaryotic and eukaryotic divisions in marine
environment may contain sufficient amount of various carotenoids. Prokaryotes are considered
as primitive living organism in phylogenetic classification. However, there are several carotenoid
containing members of this division. For example, Agrobacterium and Paracoccus genera in bacteria
kingdom are favorable sources of astaxanthin [18]. In another study, two rare carotenoids with
promising biological activities, saproxanthin and myxol were isolated from marine bacteria belonging
to Flavobacteriaceae family. Members from Archaea division may also be valuable sources of
carotenoids. Several studies demonstrated that, halophilic archaea from Haloferacaceae family can
produce (3-carotene, phytoene, lycopene, bacterioruberin, and salinixanthin [19]. Cyanobacteria phylum,
photosynthetic microorganisms of prokaryotic division are widespread in various marine environments
are also important carotenoid producers. Zeaxanthin, synechoxanthin, canthaxanthin, echinenone,
nostoxanthin, caloxanthin, and myxoxanthophyll are some examples of carotenoids which were found
in Cyanobacteria phylum [20].

Carotenoids are present in every kingdom of eukaryotes division: Protista, Fungi, Plantae
and Animalia. Thraustochytrids family in Protista kingdom has carotenoid producers. Several
strains from genera Thraustochytrium, Ulkenia, and Aurantiochytrium synthetize various carotenoids
such as 3-carotene, astaxanthin, zeaxanthin, canthaxanthin, phoenicoxanthin, and echinenone [21].
Furthermore, various yeast species were found from marine habitats that produce carotenoids especially
Astaxanthin. Xanthophyllomyces, Rhodotorula, and Phaffi genera can be used for Astaxanthin
production; however, amounts are lower when compared to algae [22].

Microalgae and macroalgae are considered main source of marine carotenoids. Their carotenoids
accumulation can be due to their essential metabolism for survival (primary carotenoids) or precise
ecological pressure (secondary carotenoids) [23]. The Chlorophyceae family contains most important
genera for carotenoid production. Dunaliella salina from Chlorophyceae family is considered as a
source of 3-carotene production when it encounters with extreme conditions, such as high light density,
nutrition deficiency, and salinity. It can also produce «-carotene, lutein, and zeaxanthin but is generally
used for large scale 3-carotene production [24]. Genus Chlorella and Scenedesmus genera are prominent
sources of lutein therefore they are used in large scale of lutein production [25]. Tetraselmis suecica is
marine green algae, which is generally used for aquaculture nutrition and rich for tocopherol [26].
Haematococcus pluvialis is widely used for astaxanthin production for a long period of time [27].
Chlamydomonas and Muriellopsis are some other examples of carotenoid producing microalgae
and also lycopene, fucoxanthin, canthaxanthin, echinenone, and dinoxanthin are some examples of
carotenoids from the Chlorophyceae family [28]. Macroalgae (seaweeds) are also noticeable sources of
carotenoids, such as fucoxanthin, lutein, 3-carotene and siphonaxanthin [29]. Especially brown algae
species are important sources of fucoxanthin. Hijikia fusiformis, Sargassum sp., Undaria pinnatifida, Fucus
sp., Laminaria sp., Alaria crassifolia, Ishige okamurae, Cystoseira hakodatensis, Eisenia bicyclis, Myagropsis
myagroides, Cladosiphon okamuranus, Petalonia binghamiae, Hijikia fusiformis, Kjellmaniella crassifolia, and
Padina tetrastromatica are important examples for their fucoxanthin content [30]. Seagrasses are also
important carotenoid sources. Previous articles demonstrated that Posidonia oceanica, Cymodocea
nodosa, Zostera noltii, Halophila stipulacea, Cymodocea nodosa, and Zostera marina are producers of
several carotenoids such as 3-carotene, lutein, lutein epoxide, zeaxanthin, violaxanthin, neoxanthin,
siphonaxanthintype, and violaxanthin [31,32].

Even though marine animals do not synthetize carotenoids de novo, they can accumulate
carotenoids via direct food intake or small metabolic transformations. Carotenoids are generally found
in invertebrate marine animals in phylums Pomifera, Cnidaria, Mollusca, Crustacea, Echinodermata,
and Tunicata. Sponges (Pomifera) contain more than 40 carotenoids, generally aryl carotenoids such as
renierapurpurin, renieratene and isorenieratene which are assumed that occurs after biotransformation
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of fucoxanthin [33]. Phylum Cnidaria has small number of members contains carotenoids. Actinia
equine, Tealia feline, and Anemonia sulcata are some examples that accumulate rare carotenoids such as
2-nor-astaxnthin, peridinin and actinioerythrin [34]. Mollusks contain numerous types of carotenoids.
It has been shown that shellfishes contain -carotene, lutein A, zeaxanthin, diatoxanthin, astaxanthin,
etc. [34]. Bivalves and chitons also contain several carotenoids including fucoxanthin, zeaxanthin,
lutein, diaxanthin, and peridinin [35]. In Crustacea phylum, crabs, shrimps, and lobsters generally
accumulate astaxanthin, which is biotransformed from (-carotene after consumption of algae [35].
Sea urchins, holothurians, and starfishes from Echinodermata contain several carotenoids such as
-carotene, echinenone, canthaxanthin, astaxanthin and fucoxanthin [30]. Tunicates also biotransform
carotenoid obtained from phytoplankton consumption, such as alloxanthin, fucoxanthin, mytiloxanthin,
mytiloxanthinone, and halocynthiaxanthin [36]. Moreover, salmon fish accumulates astaxanthin in
their muscles, which makes them valuable dietary carotenoid source [35].

4. Oxidative Stress and Cancer

Reactive oxygen species formed intracellular (mitochondria, the endoplasmic reticulum (ER),
peroxisomes, microsomes, phagocytic cells, NAPDH oxidase (NOX) complexes, etc.), or extracellular
sources. Specifically, mitochondria, produce significant amounts of reactive oxygen species (ROS),
which can contribute to intracellular oxidative stress [37]. Another important source is NADPH oxidases
found in various cells, especially phagocytes and endothelial cells, which are central to the formation
of the inflammatory response [38]. Extracellular sources of ROS generation include ROS-inducing
agents, are generally UV radiation, chemical compounds like drugs and toxins, pollutants, cigarette
and alcohol [39]. The examples for the radicals include Superoxide (O, ), Oxygen radical (O;"),
Hydroxyl (OH"), Alkoxy radical (RO’), Peroxyl radical (ROO-). The high reactivity of these radicals is
due to the presence of an unpaired electron that tends to donate it or tends to obtain another electron
to achieve stability. The non-radical species include hydrogen peroxide (H,0,), hypochlorous acid
(HOCI), hypobromous acid (HOBr), ozone (O3), singlet oxygen (*O,). Molecular oxygen (Oy) has two
unpaired electrons with a parallel spin state and tends to form highly ROS. While molecular oxygen
reacts slowly with non-radical substances, it reacts easily with other free radicals [40].

Molecular oxygen (O,) has two unpaired electrons with a parallel spin state and tends to form
highly ROS. While molecular oxygen reacts slowly with non-radical substances, it reacts easily with
other free radicals. Reactive nitrogen types, like reactive oxygen species, occur in the biological
environment when free radicals form more stable species with many effects [41].

These radicals damage DNA and proteins, causing cancer and oxidizing LDL, leading to
cardiovascular diseases. Free radicals are not completely harmful in fact; our body also needs
free radicals in the production and activation of some vital hormones [42]. Free radicals also come
into play in the body in case of infection and removal of foreign substances, but they can also cause
damage to the structure of healthy cells, such as DNA protein, and lipids and cause many diseases [43].
Bio membranes and intracellular organelles are sensitive to oxidative attacks due to the presence of
unsaturated fatty acids in membrane phospholipids. When lipid peroxides formed by oxidation of
lipids are destroyed, aldehydes, most of which are biologically active, are formed. These compounds
are either metabolized at the cell level or diffuse from their original domains and spread damage to
other parts of the cell. Malondialdehyde (MDA) occurs in the peroxidation of fatty acids containing
three or more double bonds. MDA and 4-hydroxy-2-nonenal (4-HNE) formed as a result of lipid
peroxidation are known to react with nucleotides and cause mutagenesis and carcinogenesis [44,45].
Amino acids that make up proteins tend to oxidize to a higher degree than lipids in general because
they contain carboxyl and amino groups. These molecules contain reduced carbon atoms that will
undergo oxidative transformation in their side chains. In many studies, diseases such as Parkinson’s,
diabetes, Alzheimer’s, renal tumor formation and rheumatoid arthritis have been associated with
increased protein carbonyl groups [46].
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The main target of oxidative damage in the DNA chain is purine, pyrimidine bases and sugar
structure [47]. Moreover, 8-hydroxy-2-deoxyguanosine is generated via reactive species and this
product can produce mutations in DNA, which has carcinogenesis effect [48]. Disequilibrium between
the production and elimination of ROS is defined as oxidative stress and numerous studies have shown
the important roles of oxidative stress in propagation of cancer [49]. ROS can trigger many aspects
of tumor development and progression, which can be divided into the cellular proliferation, evasion
of apoptosis, tissue invasion and metastasis and angiogenesis. ROS can trigger number of signaling
pathways like extracellular-regulated kinase 1/2 (ERK1/2), receptor tyrosine kinase (RTK), Wnt, Src,
NF-kB, phosphatidylinositol-3 kinase (PI3K/Akt), matrix metalloproteinase (MMP), hypoxia inducible
factor-lx (HIF-1x), and vascular endothelial growth factor (VEGF) [45,48]. Permanent oxidative
stress due to high ROS level in antioxidant system weakness can activate Akt, ERK and c-MYC like
oncogenes by inhibiting tumor suppressors such as p53 and Phosphatase and tensin homolog deleted
on chromosome 10 (PTEN) [45]. ROS also play an important role in the spread of cancer and tumor
formation in a secondary place. In the case of metastasis, ROS can interact with the cytoskeleton
and extracellular matrix. In case of oxidative stress MMPs activated and they inhibit movement that
suppresses metastasis (Scheme 1) [50].

Endogenous sources
Exogenous sources

Radiation (UV)

Chemicals (drugs, toxins)

Mitochondria (metabolic pathways, hypoxia)
Enzymes (NO synthase, Xanthine oxidase)

I ¢ trophil
Viruses (proto-oncogenes) nmune system (neutrophils)

Oncogenes

__| Reactive Oxygen Species |_x_
(ROS)

e

% » Cancer

Mutated TS:
P53

Proliferation and Metastasis

Scheme 1. Oxidative stress and cancer metastasis relation.
5. Carotenoids and Oxidative Stress

The capacity of carotenoids to quench O, and scavenge free radicals has been proposed as the
main mechanism by which they afford their benign health effects [51]. Due to their triplet energy levels
lying close to that of 10, (1274 nm, 7849 cm™! or 93.9 kJ/mole vs. 1380 nm, 7250 cm™ or 86.7 kJ/mol
for 3-carotene, respectively, they are included in the group of the most effective physical quenchers
of 10, [52]. Carotenes with 11 conjugated double bonds have especially been shown to possess
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very strong extinguishing ability of 'O, quenching. In general terms, 'O, neutralization is based on
transforming excess energy into heat through the lowest excited triple state (*Crt*) of carotenoids. The
possible harmful effects of stimulated carotenoids can often be neglected due to their low energy and
short life [53].

10, + Carotenoid— 30, + 3Crt*(1)

3Crt* — Carotenoid + heat

Radical scavenging mechanism of carotenoids are: (i) electron transfer, resulting with carotenoid
radical cation (Carotenoid **) or carotenoid radical anion (Carotenoid *7); (ii) radical addition/adduct
formation, (R Carotenoid °); and (iii) allylic hydrogen removal with formation of neutral carotenoid
radical (Carotenoid °®) [52,54].

(i) R® + Carotenoid — R~ + Carotenoid **

R® + Carotenoid — R* + Carotenoid *~
(ii) R® + Carotenoid — R Carotenoid *
(iii) R* + Carotenoid — RH + Carotenoid ®

However, some studies have shown that carotenes and xanthophylls have pro-oxidant properties
under some conditions. When lipid peroxidation is in progression under high oxygen pressure [55],
higher amount of carotene-peroxyl radical (Car-OO°®) created, and as long as it is not eliminated by
different antioxidant systems, Car-OOe will replicate lipid peroxidation with more attack on intact
unsaturated fatty acid chains [54].

Because limited absorption and tissue specific accumulation of carotenes, it is wrong to assume
that carotenoids will support health by scavenging ROS or RNS. Common belief that the removal of
free radicals by antioxidants has a beneficial effect; however, the major contribution of carotenoids and
their metabolites to cell protection is presumed to be stimulating endogenous antioxidant defenses like
nuclear factor Ep-related factor 2 (Nrf2—Keap1) pathway [56-58]. Lycopene, phytoene, phytofluene,
[-carotene and astaxanthin were evaluated for their effect on activation of antioxidant responsive
elements (ARE) and their role in the induction of phase II enzymes. It was reported that the efficacy
of carotenoids in ARE activation was not related to their effects on intracellular ROS and decreased
glutathione level. The increase in Phase II enzymes like NAD(P)H:quinone oxidoreductase (NQO1) and
v-glutamylcysteine synthetase (GCS) has been removed by a dominant negative Nrf2, suggesting that
carotenoid induction of these proteins is due to a functional Nrf2 and ARE transcription system [59].

Studies on the radical scavenging and antioxidant activities of various marine carotenoids
have been summarized to understand the effects on oxidative stress. Astaxanthin, the xanthophyll
carotenoid found in marine organisms, is one of the natural compounds with strong antioxidant activity.
Astaxanthin, lycopene, 3-carotene, and lutein carotenoids have been studied for their antioxidant
activity with fluorometric assay. The 8-tetramethylchroman-2-carboxylic acid (Trolox) was employed
as a calibrator in the assay. The results of the research highlighted that astaxanthin possess the highest
antioxidant activity against peroxyl radicals [60].

Dose and colleagues studied the radical scavenging and antioxidant activity of synthetic
astaxanthin with various methods. According to research, radical scavenging activities specified with
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging, galvinoxyl radical scavenging, superoxide
radical scavenging, and photon counting for singlet oxygen scavenging assays. In human hepatic
cellular carcinoma (Huh?) cells, paraoxonase activity and Nrf2 transactivation and in HepG2 cells
(hepatocellular carcinoma) glutathione assay and lipid peroxidation via BODIPY assay performed
for cellular antioxidant activity. It has been reported that astaxanthin scavenge DPPH, galvinoxyl
and singlet oxygen radicals in a concentration dependent manner but no effect on superoxide anion

199



Mar. Drugs 2020, 18, 423

radicals. In cellular antioxidant activity astaxanthin increased the glutathione levels and also decreased
lipid peroxidation in HepG2 cells [61].

A recent study also demonstrated the radical scavenging potential of astaxanthin with DPPH,
2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging activities and singlet
oxygen quenching assays and also antioxidant potential with (3-carotene bleaching activity. It was
found that EC5 value in DPPH assay was 7.5 ug/mL and 7.7 ug/mL for ABTS assay. The research
concluded that shrimp astaxanthin is a potent antioxidant agent and it has no cytotoxic effect on human
dermal fibroblast cells [62].

Astaxanthin, zeaxanthin, lutein, ascorbic acid, and tocopherol acetate evaluated for their
antioxidant activity with spectrophotometric, fluorimetric and chemiluminescence techniques. In
dose dependent manner astaxanthin, lutein, and zeaxanthin showed near same activity against H,O,
and O,". In this study, the strong antioxidant activity of xanthophylls was confirmed and it was also
reported that they may be the first option to prevent the retinal oxidative stress due to their ability
to pass the retina-blood barrier and their binding to the photoreceptor membranes [63]. In 2007,
Santocono et al. conducted a new study to measure the protective effects of astaxanthin, lutein and
zeaxanthin against K-N-SH human neuroblastoma cells against DNA damage caused by divergent
reactive nitrogen species. Cells were treated with 20 and 40 uM of carotenoids. According to the comet
assay, data revealed the ability of preventing DNA damage of carotenoids and it is also stated that this
activity subjected to the type of RNOS donor and concentration [64].

Antioxidant activity of astaxanthin in the LS-180 cell line (human colorectal cancer). Cells were
treated 50,100 and 150 um astaxanthin. According to the results of the study, astaxanthin induced
apoptosis, as well as decreased MDA levels and caused an increase in antioxidant activity with the effect
of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). In the antioxidant
activity tests, 150 uM astaxanthin showed significant effect among the other groups [65].

In UVA exposed human dermal fibroblasts, the effects of astaxanthin, canthaxanthin, and
[3-carotene on ROS and TBARS were evaluated. While radical scavenging activities of 3-carotene and
canthaxanthin are not observed, astaxanthin has been stated to have significant radical scavenging
activity at both 5 and 10 uM doses. The increase in TBARS levels with UVA exposure decreased
significantly (70%) compared to the control group with astaxanthin administration. In addition, the
reduction of CAT and SOD enzymes in cells after UVA exposure was prevented by astaxanthin and
B-carotene, while canthaxanthin had no effect [66].

Antioxidant effect of astaxanthin was evaluated against cyclophosphamide-induced oxidative
stress and DNA damage. Rats were administered with 25 mg/kg (p.o) astaxanthin before or after
administration of cyclophosphamide. In the control group, due to cyclophosphamide, an increase in
MDA level and a decrease in Glutathione (GSH) amount were observed, whereas in pre- and post-
treatment group, this situation resolved through astaxanthin [67].

DPPH radical scavenging capacity, microsomal lipid peroxidation inhibitory activity, and ROS
scavenging activity in SH-SY5Y (human neuroblastoma) cells were performed in a study in which the
antioxidant activities of 9-cis and 13-cis astaxanthin against all-trans isomer were measured (Figure 5).
9-cis astaxanthin and 13-cis astaxanthin scavenge the DPPH radical stronger than the frans isomer. In
2,2’-Azobis(2-amidinopropane) dihydrochloride (AAPH) and tert-butyl hydro peroxide (tBuOOH)
induced lipid peroxidation, particularly 9-cis astaxanthin performed better antioxidant activity by
inhibiting TBARS generation than all-trans isomer. In SH-SY5Y cells, 100 nM astaxanthin isomers were
applied to the cells before 6-hydroxydopamine (6-OHDA) inducement. ROS generation was effectively
suppressed by 9-cis astaxanthin [68].
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Figure 5. Structures of all-frans astaxanthin, 9-cis astaxanthin, and 13-cis astaxanthin.

Fucoxanthin is a carotenoid belonging to the class of xanthophylls, is common in brown seaweeds,
and its effects on oxidative stress have been extensively studied. Iwasaki et al. (2012), conducted a
study with purified fucoxanthin from seaweed Undaria pinnatifida to highlight the in vivo antioxidant
activity. ICR mice and obese/diabetes KK-Ay mice were administered fucoxanthin (0.1%) with soybean
oil. Lipid hydro peroxide levels in liver and abdominal white adipose tissue were measured. The
0.1% Fucoxanthin decreased the hydro peroxide amounts in KK-Ay mice. Little change in lipid hydro
peroxide levels was observed in ICR mice with and without fucoxanthin administration. The activity
of fucoxanthin on lowering lipid hydro peroxides in KK-Ay mice has been attributed to its decreasing
effect on blood glucose level and hepatic lipid levels, not its radical scavenging feature [69].

Fucoxanthin purified from Fucus vesiculosus, Fucus serratus and Laminaria digitata brown algae
and evaluated for its antioxidant activity. DPPH radical scavenging, iron (Fe?*)-chelating activity
and reducing power activity were determined. Fucoxanthin had lower DPPH scavenging activity
than BHT, while showed similar activity with EDTA in iron chelating activity. In reducing power
assay fucoxanthin exhibited significantly lower (p < 0.001) activity than ascorbic acid at the same
concentration. In the 5% fish oil-water emulsion containing iron as oxidation inducer, fucoxanthin
showed better antioxidant activity compared with BHT with low levels of volatile oxidation products
and reduction in tocopherol loss [70].

Antioxidant activity of fucoxanthin from Phaeodactylum tricornutum microalga examined by DPPH,
hydrogen peroxide and superoxide anion radical scavenging activities and also reducing power was
evaluated. ICs) value of DPPH scavenging activity was found to be 0.30 mM and it has been stated
that fucoxanthin was more active than ascorbic acid, BHA, and «-tocopherol positive controls. When
compared to positive controls fucoxanthin had lower effect in scavenging the hydrogen peroxide
and superoxide anion radicals. In reducing power assay fucoxanthin showed higher activity than
positive controls [71]. In a similar study, DPPH radical scavenging ICs( value of fucoxanthin was found
201.2 + 21.4 pg/mL while 3-carotene exhibited lower activity. In ferric reducing activity, fucoxanthin
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and astaxanthin were found to be more active than B-carotene. Results showed that fucoxanthin
caused a 63% reduction in chemiluminescence in blood neutrophils and a 3.3-fold increase in reduced
and oxidized glutathione in HeLa cells in a dose-dependent manner [72]. Xia et al. reported that
fucoxanthin from Odontella aurita marine diatom showed potent antioxidant effects in DPPH and ABTS
radical scavenging activities. ECsy values were found to be 140 and 30 ug/mL, respectively [73]. In a
different study conducted by Sujatha et al. (2017), DPPH radical scavenging effect of fucoxanthin from
brown seaweed Sargassum wightii with an ECs( value of 322.58 pug/mL was detected [74]. Fucoxanthin
from Sargassum filipendula brown seaweed exhibited a strong DPPH radical scavenging activity with
1.4174 + 0.0126 pg/L ECsy value [75].

In a study of Sudhakar et al. (2013), fucoxanthin purified from Sargassum wightii, Sargassum
ilicifolium, Sargassum longifolium, Padina gymnospora, and Turbinaria ornata brown seaweeds. It was
mentioned that fucoxanthin purified from Padina gymnospora exhibited better activity with 37%
inhibition percentage than fucoxanthin isolated from Sargassum ilicifolium [76].

Antioxidant activity of fucoxanthin has been studied under anoxic and aerobic conditions via
DPPH radical. In the same study also f-carotene, (- cryptoxanthin, zeaxanthin, lycopene and
lutein evaluated for their antioxidant activity under anoxic conditions. It was concluded that other
carotenoids except fucoxanthin reacted with DPPH at a low level. Under aerobic conditions to observe
the stoichiometry of the reactions, 20-300 pM fucoxanthin was added to the 100 uM DPPH. Unlike
anoxic reactions, fucoxanthin was found to react less with DPPH [77].

In high fat diet rats, antioxidant activity of fucoxanthin evaluated by Ha et al. (2013). Rats
were administered 0.2% fucoxanthin with high fat during 4 weeks. Lipid peroxidation, plasma total
antioxidant capacity (TAC), and activities of CAT, SOD, and GPx enzymes were identified. In plasma,
total antioxidant capacity and GPx amounts were found to be significantly augmented in fucoxanthin
treated group. In liver, CAT and GPx levels in fucoxanthin treated group were also found to be
higher than control group. The effect of fucoxanthin on plasma lipid peroxidation did not differ
statistically [78].

Fucoxanthin and, fucoxanthinol and halocynthiaxanthin metabolites were analyzed for their
DPPH and ABTS radical scavenging activities and singlet oxygen quenching abilities (Figure 6).
While fucoxanthin and fucoxanthinol scavenge the DPPH radical stronger than halocynthiaxanthin,
fucoxanthinol had a stronger effect against the ABTS radical. In hydroxyl and superoxide radical
scavenging activities fucoxanthin exhibited potent scavenging effect than both its metabolites. Moreover,
[-carotene was found to be more effective in singlet oxygen quenching than fucoxanthin and its
metabolites [79].

In mice with traumatic brain injury (TBI), the effects of fucoxanthin on oxidative stress were
investigated by measuring MDA and GPx levels. Mice were administered intragastrically 50, 100, and
200 mg/kg fucoxanthin. Treatment of fucoxanthin, caused a decline in MDA levels and increase in GPx
levels in the cerebral cortex tissue of TBI mice. Moreover, in the same study, fucoxanthin has been
reported to increase in vitro neuron survival and decrease ROS level [80].

Maoka and colleagues synthesized mytiloxanthin, metabolite of fucoxanthin in shellfish and
tunicates and evaluated its antioxidant activity by examining the quenching ability of scavenging
singlet oxygen, hydroxyl radical and lipid peroxidation inhibition (Figure 7). In the same study,
[3-carotene, astaxanthin, and fucoxanthin were used as positive controls. Mytiloxanthin exhibited near
same singlet oxygen quenching ability (61.6%) with astaxanthin (61.0%). Lower capacity of fucoxanthin
in the same study was linked to the number of conjugated double bonds, polyene chain structures,
and functional groups. Mytiloxanthin increased its activity by having an 11-conjugated double bond
polyene system containing an acetylenic and a carbonyl group in its structure. In the lipid peroxidation
experiment, mytiloxanthin exhibited slightly stronger activity than astaxanthin, while fucoxanthin and
[3-carotene showed higher activity [81].
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Figure 7. Structure of mytiloxanthin.

In the high fat diet rodent model, lutein and zeaxanthin isomers were investigated for their effects
on lipid metabolism and anti-inflammatory activities on the retina. Lutein and zeaxanthin used in the
experiment provided from Lutemax 2020™. Rats were administered lutein and zeaxanthin 100 mg/kg
BW for 8 weeks. Lutein and zeaxanthin improved oxidative damage by decreasing the concentration of
MDA and gaining the SOD, CAT, and GPx enzyme activities of the retina caused by high fat diet [82].

Zou et al., conducted a study for evaluating the regulation mechanism of zeaxanthin on phase II
detoxification enzymes in human retinal pigment epithelium cells. It has been found that zeaxanthin is
effective against mitochondrial dysfunction and apoptosis due to tert-butyl hydroperoxide, while it
increases GSH by Nrf2 activation. In the same study, the effects of zeaxanthin were evaluated in the
rat retina, liver and heart in vivo. Similar to in vitro results zeaxanthin was found to be effective in
increasing GSH levels and decreasing markers of lipid and protein peroxidation, 4-hydroxynonenal
and the carbonyl protein [83].

Bhosale et al., studied the antioxidant role of zeaxanthin and glutathione S-transferase
(GSTP1) in egg yolk phosphatidylcholine liposomes. The two zeaxanthin diastereomers showed
synergistic antioxidant effects against both azo lipid peroxyl radical producers [(2,2’-azobis(2-
methyl-propionamidine) dihydrochloride and lipophilic 2,2"-azobis(2,4-dimethylvaleronitrile)] when
bound to GSTP1. Non-dietary (3R,3’S-meso)-zeaxanthin was found to have strong activity than dietary
(3R,3'R)-zeaxanthin in the presence of GSTP1 (Figure 8) [84].
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(3R, 3'S-meso)-Zeaxanthin

Figure 8. Structure of zeaxanthin.

Singlet oxygen quenching abilities of lycopene, (-carotene, zeaxanthin, astaxanthin, and
canthaxanthin carotenoids evaluated by Cantrell et al. (2003). Lycopene showed the fastest quenching
ability with 2.3 x 109 M~! s7! value, while the lowest activity is attributed to lutein 1.1 x 108 M~! 57!
value. Interestingly, the ability of zeaxanthin to extinguish singlet oxygen decreases as concentration
increases [85].

Several studies stated the beneficial effects of dietary supplementation of canthaxanthin the
breeder’s diet. Results clearly showed that increased antioxidative status in the egg yolk and newly
hatched chicks and as a result hatching rate of chicken eggs was meaningfully increased. The common
results of the studies focused on canthaxanthin providing great benefits for chicken eggs, embryos and
chickens during postpartum development [86-90].

Canthaxanthin isomers which are purified from new soil Dietzia sp. evaluated for their antioxidant
activity. DPPH and superoxide radical scavenging activities in addition ROS inhibitory activity in
THP-1 (monocytic cell line) cells were performed. It was reported that the cis isomer of canthaxanthin
showed 1.8-fold higher activity than frans isomer in DPPH radical scavenging activity. The cis isomer
was found to be more active in superoxide radical scavenging activity and inhibiting the ROS formation
in THP-1 cells as well [91].

In the study investigating the antioxidant activity of 3-carotene used orally in patients with cystic
fibrosis, groups were established with 24 patients and 14 healthy individuals. The total antioxidant
capacity in the plasma of the 13 cystic fibrosis supplement group increased by 12% after 12 weeks of
supplementation. Antioxidant activity has been demonstrated by a reduction in the amount of plasma
MDA [92].

Allard et al. (1994) previously conducted a similar study on smoker and non-smoker volunteers.
Lipid peroxidation was quantified by breath-pentane output and it was found that lipid peroxidation
was significantly lower in smokers who received (3-carotene compared to the control group [93].
However, it has been reported in several studies that high amounts of 3-carotene supplementation
cause adverse effects in people which exposed to high levels of oxidative stress [94].

Levin et al. (1997) studied with 9-cis 3-carotene and all-frans (3-carotene to compare their
antioxidant activities. Isolated 9-cis 3-carotene from Dunaliella and synthetic all-trans (3-carotene
administered to rats 1 g/kg. It has been reported that cis isomer has a greater affinity for free radicals in
the liver. Levin et al. also reported the higher antioxidant activity of 9-cis 3-carotene than all-trans
[-carotene by avoiding methyl-linoleate peroxidation and algal carotene degradation in vitro. However,
in some studies, it has been reported in contrasting results regarding the antioxidant activities of
[-carotene and isomers (Figure 9) [95]. In the study of Mueller et al., it was explained that (3-carotene
isomers do not have ferric reducing activity. In addition, it has been reported that the ABTS and
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superoxide radical scavenging activities of all-E, 9Z and 13Z isomers did not differ statistically, while
the 15Z isomer had lower activity [96].

NP Vo NN

(all-E)-BC

(157)-BC

(132)-BC

(9Z)-BC

N NP T Vo N NP2
BC metabolites

Figure 9. Structures of 3-carotene isomers.

Similarly, in the study conducted by Rodrigues et al. (2012), it was reported that cis-B-carotene
isomers have lower peroxyl radical scavenging activity than trans-isomers, and trans lycopene is the
most active carotenoid among the studied carotenoids [97].

The rare marine carotenoids (3R)-saproxanthin and (3R,2’S)-myxol (Figure 10) have been isolated
from 040KA-13-27 (MBIC08261) and YM6-073 (MBIC06409) two marine bacteria strains and these
strains have been classified in the Flavobacteriaceae family. Their inhibitory activity on lipid
peroxidation in rat brain homogenate was evaluated and zeaxanthin was also studied in the same
experiment. According to the results, ICs( values of saproxanthin, myxol, and zeaxanthin were found
tobe 2.1, 6.2, and 13.5 uM, respectively [98].
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(3R, 2'S)-Myxol

Figure 10. Structures of (3R)-saproxanthin and (3R,2’S)-myxol.

Conjugated double bond system forms most of the basic properties of carotenoids, also affects
how these molecules are attached into biological membranes. Although the way these molecules
interact with reactive oxygen species differs due to their chain length and end groups, their in vivo
behavior may differ from that seen in solution. Some of them, especially 3-carotene and lycopene may
also lose their antioxidant effects at high concentrations or high partial oxygen pressures [44,99,100].

6. Marine Carotenoids and Bioavailability

There are more than 40 carotenoids that can be obtained from diet and there are various health
benefits of carotenoids to human health [11]. However, it is essential for every metabolite to reach
sufficient concentration in target tissues to exert its bioactivity. Thus, bioavailability is a key concept
for evaluating health benefits of carotenoids. In this concept, effects of digestive system, absorption
and biotransformation should be observed for clear understanding.

Fucoxanthin and astaxanthin are the most abundant carotenoids from marine organisms
consequently these two are the most studied marine carotenoids for their bioavailability. Fucoxanthin
is the most ample carotenoid in the nature and it is mostly found in marine environment [101].
Because of the health benefits of fucoxanthin, there are various in vitro, in vivo and clinical studies
for its bioavailability. Sugawara et al. had investigated bioavailability of Fucoxanthin and ten other
carotenoids in an in vitro study via using Caco-2 cellular line, which is originated from gastrointestinal
system. Results demonstrated that Fucoxanthin has one of the lowest bioavailability among other
studied carotenoids [102]. In a further study same cell line was used and results revealed that,
even though cells successfully absorb fucoxanthin, it is rapidly deacetylated and converted to
Fucoxanthinol [103]. Correspondingly, another further in vitro study had showed that fucoxanthinol
had transformed to amarouciaxanthin A by human hepatoma HepG2 cells [104]. Pharmacokinetic
parameters of Fucoxanthin were also studied in vivo model, 0.105 mg of Fucoxanthin was administered
to 6 mice via intragastric route [105]. Results showed that Fucoxanthin was not accumulating
in the studied parts of mice such as lung, kidney, heart, erythrocytes, liver and spleen. On the
opposite, metabolites of fucoxanthin, fucoxanthinol and amarouciaxanthin A reached their maximum
concentration in 4 h and decreased steadily for 24 h. In the adipose tissue metabolites were still
detectable for after a week. These results were corresponding with previous in vitro studies. Moreover,
in a subsequent study, fucoxanthinol and amarouciaxanthin A accumulation in adipose tissue were
confirmed after feeding mice with Fucoxanthin for 14 days [106]. It was theorized that with application
of higher doses of fucoxanthin, it is possible to accumulate Fucoxanthin in mammalian tissues without
any transformation. In a study with rats, it was shown that after 65 mg/kg intake of fucoxanthin,
it reaches its maximum plasma level after 7.7 h with concentration of 29.1 ug/L [107]. Few studies
were conducted on bioavailability of fucoxanthin in humans. In a study, 18 volunteers were orally
administrated with Kambu extract which was containing 31 mg fucoxanthin and their blood samples
were collected for 24 h. Results revealed that only fucoxanthinol was found in samples with maximum
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concentration of 44 nmol/L. Fucoxanthin and amarouciaxanthin A were not detected in plasma [108].
The outcome of the study declared by researchers was fucoxanthin in humans seems to have lower
bioaccessibility in humans when compared to other carotenoids such as lutein and B-carotene. When
considered the low bioavailability of fucoxanthin, different strategies were developed to increase it. In
a study, rats were fed with brown seaweed, Padina tetrastromatica L., and chitosan-glycolipid hybrid
nanogels were prepared for increasing the bioavailability. Results demonstrated that nanogels were
improved the bioavailability more than 3-fold when compared to control group [109]. In addition,
another study showed that fucoxanthin enriched Phaeodactylum tricornutum bioavailability can be
increased with preparation of nanoparticles coated with casein and chitosan. Cpax value was increased
from 10.29 + 0.1 to 33.66 + 0.5 pmol/mL [110]. In a more recent study, it has been shown that
digalactosylmonoacylglycerol and sulfoquinovosylmonoacylglycerol presence significantly increases
both uptake and transport of fucoxanthin in Caco-2 cells [111].

There are numerous studies indicating that astaxanthin is highly valuable compound for human
health [18]. This valuable potential of astaxanthin for human health leads to studies of its bioavailability.
In a double blind randomized study, 28 health volunteers were ingested 250 g farmed or wild
salmon which contain 5 ug Astaxanthin per gram for 2 weeks. The source of astaxanthin for wild
salmon is krill while farmed ones were fed with synthetic type. Results showed that aqua cultured
salmon leads to higher bioavailability; aquacultured salmon group reached 42 nmol/L while wild
salmon group measured 27.3 nmol/L in day 3. It was reported that difference in bioavailability
originated from isomerization [112]. In another study, pharmacokinetics of astaxanthin was examined
in 3 middle-aged male volunteers with consumption of 100 mg racemic astaxanthin mixture in
olive oil. Results demonstrated that astaxanthin concentration reached its maximum level after 7 h
(1.3 mg/mL) and it was still observable in plasma for 72 h [113]. Results indicate that astaxanthin
reaches significant levels in plasma without any biotransformation contrasting Fucoxanthin. Another
clinical study was investigated the difference in bioavailability of astaxanthin between commercial
food supplement and lipid-based formulation containing Haematococcus pluvialis green microalgae
with 40 mg of astaxanthin [114]. Results revealed that lipid-based formulation achieved approximately
4-fold increment in bioavailability (1347 to 4960 ug h/L). In addition Ciax value increased significantly
from 55.2 to 191.5 ug/L. It is known that bioavailability may be affected various parameters such as sex,
age, obesity, smoking, lifestyle, etc. In another study, effect of smoking on astaxanthin bioavailability
and pharmacokinetic parameters was investigated on human volunteers. Results indicated that
smoking significantly affected pharmacokinetic parameters for astaxanthin by reducing the half-life of
elimination 30.5 h to 18.5 h. In addition, AUC value is lower in smoking group when compared to
non-smoking volunteers, 6.52 and 7.53 ug h/L, respectively [115]. Even though, astaxanthin reaches
sufficient plasma levels without biotransformation, still some metabolites of astaxanthin in human
body were detected. 3-hydroxy-4-oxo-p-ionone, 3-hydroxy-4-oxo-f-ionone, 3-hydroxy-4-oxo-f3-ionol,
3-hydroxy-4-oxo-7,8-dihydro-f-ionol was detected in two human volunteers via GC-MS analysis [116].

7. New Delivery Systems Used to Increase Marine Carotenoids Bioavailability

Encapsulation is one of the quality protection techniques of sensitive agents and is a method
for production of them with new valuable properties. Recently, nanotechnology has contributed
significantly to the development of drug carrier systems (biopolymeric and lipid-based carriers such as
nanoliposomal formulations, surfactant-based nano-carriers, nanoemulsions, nano-structured lipid
carriers) that can encapsulate compounds with poor stability, protect them from undesirable reactions,
provide therapeutic effect at a low dose, improve targetability, and increase their activity [9,117]. In this
regard, there are many studies on the application of encapsulated carotenoids in different nano-based
drug delivery systems.
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7.1. Application of Biopolymeric Nanocarriers for Encapsulation of Carotenoids

One of marine carotenoids, fucoxanthin has many effects, such as antioxidant, anti-obesity and
anti-cancer effects [118] but it has high sensitivity when exposed to weather, thermal or light factors.
Vo et al. evaluated to characterization and storage stability of encapsulated extracted fucoxanthin-rich
oil (FO) from y using supercritical carbon dioxide with sunflower oil (SFO) and polyethylene glycol
(PEG) as co-solvent and biodegradable coating at optimized conditions (mixing ratio of FO and PEG,
temperature, and pressure). By using PEG as a biodegradable coating material, approximately 82%
fucoxanthin encapsulation and a higher antioxidant activity of FO were found significantly than SFO
and trolox [119].

Ravi et al. aimed to increase the stability and bioavailability of carotenoid such as fucoxanthin,
encapsulated in chitosan, a biodegradable cationic polysaccharide, and glycolipid hybrid nanogels.
Bioavailability studies were performed for investigate the effect of nanoencapsulation of fucoxanthin
with glycolipid via micellization in vitro (simulated gastric and intestinal digestion). The bioavailability
of fucoxanthin from chitosan-glycolipid hybrid nanogels was the highest compared to chitosan
nanogels without glycolipid, mixture of fucoxanthin with glycolipid and control groups. The enhanced
stability and bioavailability of fucoxanthin was observed by nanoencapsulation with chitosan and
glycolipid [120].

As a continuation study, Ravi et al. prepared chitosan-glycolipid nanogels and investigated
cellular uptake and anticancer efficacy of fucoxanthin on human colon cell line (Caco-2). They found
that the low cell viability significantly at nanoencapsulated fucoxanthin with chitosan and glycolipid
compared to without glycolipid for 48 h exposure. Chitosan-glycolipid hybrid nanogels successfully
induced apoptosis in human colon cancer cells and suppressed ROS production by suppressing Bcl-2
protein associated increased levels of Bax through caspase-3 steps and suppressed cell viability [121].

Koo et al. developed casein nanoparticles (C-NP) and chitosan-coated nanoparticles (C-NP-CS)
containing a valuable marine carotenoid, fucoxanthin which extracted from the microalga Phaeodactylum
tricornutum for improvement of water solubility and its bioavailability. Nanoparticles characterized in
terms of their size, morphology, structure, zeta potential, polydispersity index, encapsulation efficiency
and adsorption to mucin. Increased retention and adsorption by mucin were observed with using
cationic biopolymer chitosan coating and fucoxanthinol absorption to the blood circulation was found
two-fold higher than with using C57BL/6 mice compared to C-NP [110].

Edelman et al. studied on new approach to improve the bioactivity of astaxanthin which is
sensitive to oxidation and has very low bioavailability. Potato protein was approved by FDA and
potato protein-based astaxanthin nanoparticles were designed because of be possible to reduce the
dose of the required bioactive substance, to ensure the therapeutic effect and to increase solubility and
oral bioavailability. Encapsulated astaxanthin was shown that ~80% simulated gastric and intestinal
digestion and 11 times higher bioavailability was obtained compared to unencapsulated astaxanthin.
Potato protein nanoparticles can be considered as a suitable drug delivery system to increase the
bioavailability of hydrophobic compounds [122].

Application of biopolymeric nanocarriers for encapsulation of carotenoids is summarized in
Table 1.
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Table 1. Application of biopolymeric nanocarriers for encapsulation of carotenoids.

Nanocarriers Carotenoids Results and Benefits References
The bioavailability of fucoxanthin from
chitosan-glycolipid hybrid nanogels was
the highest compared to chitosan nanogels

Chitosan-glycolipid without glycolipid, mixture of fucoxanthin [120]
hybrid nanogels with glycolipid and control groups.
Enhanced stability and bioavailability by
Fucoxanthin nanoencapsulation.
The low cell viability significantly at
nanoencapsulated fucoxanthin compared to

without using glycolipid and induced [121]
apoptosis in Caco-2 cells and suppressed
ROS production.
Approximately 82% fucoxanthin
PEG biodegradable encapsulation and a higher antioxidant [122]
coated nanoparticles activity significantly than sunflower oil and
trolox.
Casein nanoparticles Increased retention and adsorption and
and chitosan-coated two-fold higher absorption to the blood [110]
nanoparticles circulation than non-coated nanoparticles.

~80% simulated gastric and intestinal
Potato protein-based . digestion and 11 times higher
; . Astaxanthin . o
polymeric nanoparticles bioavailability compared to unencapsulated
astaxanthin.

[122]

7.2. Application of Different Lipid-Based Nanocarriers for Encapsulation of Carotenoids

Many lipid based nanoformulations such as nanoliposomes, niosomes, solid lipid nanoparticles
and nanostructured lipid carriers, were developed for improving biological activity, physicochemical
stability, digestibility, antioxidant potential, resistibility and in vitro bioaccessibility.

Cordenonsi and co-workers aimed to develop nanostructured lipid carriers containing fucoxanthin
for skin application to prevent skin hyperproliferative diseases. Hyperproliferation of the skin could be
controlled and skin integrity could be restored with the presence of fucoxanthin. Nanostructured lipid
carriers were coated with chitosan and biopharmaceutical properties (bio/mucoadhesion and wound
healing) were improved by combining the advantages of chitosan. It stated that these nanostructured
lipid carriers were promising approach with fucoxanthin to control skin hyperproliferation and
maintain skin integrity in psoriatic skin [123].

Hama et al. evaluated the free radical scavenging effect of a useful antioxidant, astaxanthin loaded
liposomes compared with the activity of the well-known antioxidants encapsulated (3-carotene and
a-tocopherol that stated that was the first report. The liposomal formulation provided encapsulation of
high concentrations of astaxanthin and it was obtained that more potent hydroxyl radical scavenging
activity significantly in aqueous solution was than either encapsulated [3-carotene or a-tocopherol.
Moreover, astaxanthin liposomes prevented cytotoxicity caused by hydroxyl radical in cultured
NIH-3T3 cells [124].

Li et al. evaluated the protective effects of astaxanthin liposome (Asx-L) on photodamage by
ultraviolet (UV)-B in mice skin. Topically treatment with 4 mL 0.2% astaxanthin or 4 mL 0.2% Asx-L
were applied to groups (UVB light injury + astaxanthin and UVB light injury + Asx-L) 10 min before
the irradiation for two weeks. The histological changes of skin, Ki-67, 8-hydroxy-2’-deoxyguanosine
(8-OHdG), SOD activities and serum MMP-13 were measured. The pathological changes of skin
tissues were significantly improved by topical Asx-L with decreased expressions of Ki-67, MMP-13
and 8-OHdG and increased SOD activity, due to strong antioxidation of Asx-L [125].

In the same study, Hama et al. designed Asx-L and evaluated prevention of UV-induced skin
damage. Astaxanthin, which is accepted as a strong antioxidative carotenoid in biological membranes,
is difficult to apply topically to the skin due to its poor water solubility. In this study, researchers
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tried to solve this problem by preparing Asx-L, which are suitable drug delivery systems for topical
application to the skin. Asx-L has been shown to have strong cleaning ability against singlet oxygen
production due to chemiluminescence in the water phase. When Asx-L was applied to the skin before
UV exposure, skin thickening, and collagen reduction were prevented. The production of melanin
was inhibited with topical application of Asx-L. As a result, application of a liposomal formulation
containing Asyx, it is possible to prevent skin damage caused by UV-induced [126].

Peng et al. prepared astaxanthin encapsulated in liposomes to eliminate such poor physicochemical
properties of astaxanthin such as instability, low bioavailability and poor water solubility. Astaxanthin
is a powerful oxygen radical scavenger and its efficacy on Hep3B and HepG2 cell lines was evaluated
because of it was beneficial for carcinoma prognosis. Encapsulated astaxanthin showed apparently
improved stability and permeability thus the total transport time is 7.55 h for encapsulates astaxanthin
and 6.00 h for free astaxanthin. It was obtained that more antioxidant effect on intracellular antioxidant
enzymes such as superoxide dismutase, catalase and glutathione S-transferase with astaxanthin
liposomes compared to free astaxanthin and effectively facilitates apoptosis in the Hep3B cell line more
than HepG2 cell line. The findings indicated that poor bioavailability of Asx can be improved and the
prognosis of gamma radiation therapy with liposomal encapsulation [127].

In a previous study, Tamjidi et al. aimed to design nanolipid-based carriers (NLCs) containing
astaxanthin which has instability, low bioavailability, and poor water solubility, to investigate the
effect of contents of oil and surfactant on characteristics of astaxanthin-NLCs, and to optimize the
characteristics and composition of formulation by response surface methodology. Tween 80 and
lecithin and oleic acid, glyceryl behenate were selected as emulsifier and suitable lipids, respectively.
The optimum formulation of Asx-NLCs with ideal properties was prepared with oleic acid Tween 80
and was different in terms of physical properties and storage stability. According to the data obtained
in this study, NLCs could be used as a carrier system with potentially suitable physical stability for the
administration of Asx and other lipophilic compounds into pharmaceutical products [128].

Barros et al. astaxanthin and peridinin, two typical carotenoids of marine microalgae included
in phosphatidylcholine multilamellar liposomes and evaluated as inhibitor effects of lipid oxidation.
Astaxanthin strongly decreased lipid damage when the lipoperoxidation promoters such as H,O,,
tert-butyl hydroperoxide or ascorbate. Fe*2:EDTA were added simultaneously to the liposomes which
were prepared with egg yolk phosphatidylcholine which offers suitable oxidation targets for ROS.
To check for antioxidant activity of carotenoids which was also associated with their effect about
membrane permeability, peroxidation processes started by adding promoters to encapsulated Fe*? in
the inner aqueous solution in liposomes. Consequently, astaxanthin was a more effective antioxidant
(26%) at HO, and ascorbate-induced lipoperoxidation at Fe*? liposomes. Peridine showed a more
moderate inhibition of the lipid oxidation process (17.7%) due to it could have limited the permeation
of the peroxidation agents [129].

In another study, effect of astaxanthin on the structural properties of liposome membranes was
evaluated by Pan et al. They stated that liposomal encapsulation could be greatly increased water
dispersibility of astaxanthin and also an effective way to constantly supply astaxanthin in the body [130].

Rodriguez-Ruiz et al. developed nanostructured lipid carriers to improve antioxidant activity of
Asx using a green process with SFO as liquid lipid. Antioxidant activity of encapsulated astaxanthin was
measured using the physicochemical lipophilic «-tocopherol equivalent antioxidant capacity (TEAC).
It was demonstrated that nanostructured lipid-based carriers have suitable potential to maintain or
stabilize the antioxidant ability of astaxanthin and could be excellent candidates as antioxidant delivery
systems for cosmetics and nutraceuticals [131].

Bhatt et al. conducted to intranasal delivery of astaxanthin-loaded solid lipid nanoparticles
(Asx- solid lipid nanoparticles (SLNs)) to improve brain targeting for neurological disorders. Double
emulsion solvent displacement method was used for preparing SLNs. SLN formulation (50 mg
stearic acid, 6.11% bioactive, and poloxamer 188, lecithin ratio of 1:6) was optimized with a 213 nm
particle size. On the pheochromocytoma-12 cell line, the antioxidant potential of Asx-SLNs was
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evaluated against H202 induced toxicity. Radiolabeled nanoparticles were found to be 96-98% stable
even for 48 h and higher drug concentration in the brain was achieved by intranasal administration,
which was compared to 9mTc labeled nanoparticles intravenous route and confirmed by gamma
scintigraphy analysis. It was shown that this nasal system can provide the most neuroprotection
in neurological disorders from oxidative stress under in vitro conditions [132]. Shanmugapriya and
colleagues designed to emulsion-based delivery systems to increase the bioavailability of astaxanthin
and «-tocopherol as active compounds for various biomedical applications. Anticancer potential of
astaxanthin-a-tocopherol nanoemulsion prepared with spontaneous and ultrasonication emulsification
methods was evaluated with optimizing production conditions for better resistance and toxicity testing
against microbial infections. It could be said that this delivery system may be a starting point for
prospective studies for cancer treatment applications [133].

Rostamabadi et al. summarized some nano-based drug delivery systems in review. One of them
was nanoliposomal formulations, consisting of lutein, different lipids and cholesterol as a stabilizer were
developed, characterized and evaluated in terms of microstructure analysis using TEM, particle size,
polydispersity, zeta potential, in vitro release and stability and cytotoxicity studies. These formulations
provided to increased physicochemical stability, water dispersibility, therapeutic effects (antioxidant
and anticancer) of lutein. In other studies with nano-emulsion based delivery system, formulation
components, process steps, emulsifier types and concentrations storage pH and temperature played a
key role on stability and effectiveness of lutein. Emulsion formulation revealed proper stability thus
coating oil droplets in emulsions was increased the physicochemical stability of lutein compared to
uncoated. In vitro bioaccessibility and chemical stability of lutein emulsions were found higher than
non-capsulated forms. Protection of bioactive lutein against UV irradiation was evaluated and in
depression lutein was found that 14%, 6-8%, and only 0.06% from nanoemulsion, NLCs and SLNs.
With these systems, highly antioxidant effect of lutein was found with 85% encapsulation efficiency
and 98% suppressing free radicals [117].

It was stated that nutraceutical colorant of the carotenoid family, 3-carotene has poor bioavailability
and low physicochemical stability. To achieve sustained release, to target and to increase the application
of B-carotene as a bioactive, numerous studies reported in some lipid-based and nano-scale carriers,
such as nanoliposomes, SLNs, NLCs, nanoemulsions, and niosomes. In generally, 3-carotene was
encapsulated successfully into these nanocarriers and stability and biological activity of 3-carotene
were increased depending on the formulation components, interactions of 3-carotene with them and
methods [117].

Unlike other nanocarriers, in 3-carotene loaded niosomal formulation, good resistibility to light,
elevated temperatures and oxidative stress created by free radicals were obtained. In culture medium,
[-carotene maintained resistant after 4 days and it was easily taken up through cells at 0.1-2 uM
concentrations [134].

Similarly, lycopene which provides beneficial effect on human health, has low stability on different
conditions such as light, high temperatures, oxygen, chemical reactions and environmental factors.
Some nanocarriers (nanoliposomes, SLNs, NLCs, nanoemulsions and niosomes) were developed to
eliminate the destructive effects and to enhance stability and bioactivity of lycopene. In one study,
lycopene loaded niosomes were prepared successfully to protect the lycopene activity and increased
its bioavailability. Antiproliferative activity was evaluated through MCF-7 and HeLa cell lines and
niosomal formulation was shown perfect response in a dose-dependent manner. Therefore, anticancer
activity of potential of lycopene was confirmed [135]. In another niosomal formulation containing
lycopene, antidiabetic effect was assessed and effectiveness of formulation was stated [136].

Application of lipid-based nanocarriers for encapsulation of carotenoids is summarized in Table 2.
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Table 2. Application of lipid-based nanocarriers for encapsulation of carotenoids.

Nanocarriers Carotenoids

Results and Benefits

References

Nanostructured lipid

carriers (NLCs) Fucoxanthin

NLCs were promising approach with
fucoxanthin to control skin
hyperproliferation and maintain skin
integrity in psoriatic skin.

[123]

Liposomes
Astaxanthin

NLCs

More potent hydroxyl radical scavenging
activity of astaxanthin significantly than
either encapsulated (3-carotene or
a-tocopherol and prevented cytotoxicity on
NIH-3T3 cells.

The pathological changes of skin tissues
were significantly improved and decreased
expressions of Ki-67, MMP-13 and 8-OHdG
and increased SOD activity were found.

[124]

[125]

Singlet oxygen production could cleaned
strongly. The production of melanin was
inhibited.

Improved stability and permeability, more
antioxidant effect on intracellular
antioxidant enzymes and effectively
facilitated apoptosis.

[126]

[127]

The suitable characteristics and
composition of formulation, with ideal
properties and storage stability were
determined.

Liposomal encapsulation could be greatly
increased water dispersibility of
astaxanthin.

[128]

[130]

Improved antioxidant activity of
astaxanthin was provided with NLCs that
could be excellent candidates for cosmetics
and nutraceuticals.

[131]

Astaxanthin

Liposomes P
v and peridinin

Astaxanthin strongly decreased lipid
damage with a more effective antioxidant at
H,0; and ascorbate-induced
lipoperoxidation at Fe*? liposomes.

[129]

Solid lipid

nanoparticles (SLNs) Astaxanthin

Radiolabeled nanoparticles were found to
be 96-98% stable even for 48 h and higher
drug concentration in the brain was
achieved by intranasal administration,
which was compared to 99mTc labeled
nanoparticles intravenous route.

[133]

Liposomes
P Lutein

Nanoemulsion
NLCs
SLNs

Liposomes
NLCs

SLNs [3-carotene

Niosomes

Increased physicochemical stability, water
dispersibility, therapeutic effects
(antioxidant and anticancer) of lutein
liposomal formulations.

Highly antioxidant effect was found with
85% encapsulation efficiency and 98%
suppressing free radicals.

Successfully encapsulation of 3-carotene
and improved physicochemical stability
during storage and increased biological
activity of 3-carotene.

[117]

Good resistibility to light, elevated
temperatures and oxidative stress with
-carotene loaded niosomal formulation.
-carotene maintained resistant after 4
days.
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Table 2. Cont.

Nanocarriers Carotenoids Results and Benefits References
Protecting the lycopene activity and
increased bioavailability. Perfect response

. in a dose-dependent manner and confirmed [135]
Niosomes Lycopene . o el
anticancer activity with niosomal
formulation.
62% encapsulation efficiency as a
reproducible and efficient technique could [136]

increase anti-diabetic property.

8. Application of Emulsion-Based Systems for Encapsulation of Different Carotenoids

Shu et al. prepared oil in water (O/W) thermo-stable nanoemulsions containing astaxanthin and
stabilized with ginseng saponins as a natural surfactant via a high-pressure homogenization method to
investigate the effects of pH, ionic strength, heat treatment and different temperatures (5, 25, and 40 °C)
on the stability of droplets and/or astaxanthin nanoemulsions. A good long-term stability was shown
against droplet growth during 15 days of storage at various temperatures (5, 25, and 40 °C) and the
nanoemulsions were stable without droplet coalescence against thermal treatment (30-90 °C, 30 min),
Their finding shown that nanoemulsion-based system could be suitable for delivering oil-soluble
bioactive compounds such as astaxanthin and these studies need to be continued [137].

Khalid et al. evaluated the effect of modified lecithin (ML) and sodium caseinate (SC) on
the formulation, stability and in vitro digestive behavior and bioavailability of astaxanthin-O/W
nanoemulsions using high-pressure homogenization method. It was shown that successful formulation
of astaxanthin-loaded nanoemulsions and emulsifiers effectively stabilized the O/W nanoemulsions
but much higher bioaccessibility of astaxanthin was observed in ML-stabilized nanoemulsions mainly
due to greater formation of mixed micelles compared to SC-stabilized nanoemulsions [138].

Liu et al. studied on effect of three long chain triglyceride (LCT) oils and evaluated bioactivity
of using encapsulated astaxanthin in O/W nanoemulsions with simulated gastrointestinal tract
(GIT) model. Astaxanthin-loaded nanoemulsions with greater bioaccessibility compared to free
nanoemulsions, and this indicated that mixed micelles produced by LCT digestion resulted in greater
solubility of this lipophilic bioactive substance [139].

In another nanoemulsion study, Affandi et al. investigated the effect of different surfactants on
the physicochemical characteristics and stability of astaxanthin-loaded nanoemulsions over 90 days.
Droplet size/size distribution of the nanoemulsions mentioned above depended on homogenization
pressure/cycles and the type/concentration of surfactants (lecithin or Tween 80). For effective
nanodelivery system of astaxanthin, it was found that 2% w/w astaxanthin and 4% w/w surfactant at
9000 rpm prehomogenization speed (~5 min) as optimized conditions [140].

Shanmugapriya and colleagues designed to emulsion-based delivery systems to increase the
bioavailability of astaxanthin and x-tocopherol as active compounds for various biomedical applications.
Anticancer potential of astaxanthin-a-tocopherol nanoemulsion prepared with spontaneous and
ultrasonication emulsification methods was evaluated with optimizing production conditions for
better resistance and toxicity testing against microbial infections. It could be said that this delivery
system may be a starting point for prospective studies for cancer treatment applications [133].

Tan et al. designed a novel delivery system as named chitosan coated liposomes (chitosomes)
containing lutein which included in the carotenoid family, for improving stability [141]. In another
study, lutein loaded particle system was prepared with using polyvinylpyrrolidone and Tween 80
as a stabilizer and emulsifier respectively by Zhao et al. They found that this particle system had
convenient water dispersibility and enhanced stability compared to free lutein [142].

In other studies with nano-emulsion based delivery system, formulation components, process
steps, emulsifier types and concentrations storage pH and temperature played a key role on stability
and effectiveness of lutein. Emulsion formulation revealed proper stability thus coating oil droplets

213



Mar. Drugs 2020, 18, 423

in emulsions was increased the physicochemical stability of lutein compared to uncoated. In vitro
bioaccessibility and chemical stability of lutein emulsions were found higher than non-capsulated
forms. Protection of bioactive lutein against UV irradiation was evaluated and lutein depression was
found that 14%, 6-8%, and only 0.06% from nanoemulsion, NLCs and SLNs. With these systems,
highly antioxidant effect of lutein was found with 85% encapsulation efficiency and 98% suppressing
free radicals [117].

Application of emulsion-based systems for encapsulation of different carotenoids is summarized
in Table 3.

Table 3. Application of emulsion-based systems for encapsulation of different carotenoids.

Nanocarriers Carotenoids Results and Benefits References
A good long-term stability was shown
against droplet growth during 15 days of
storage at various temperatures and the [137]
nanoemulsions were stable without droplet
Astaxanthin coalescence against thermal treatment.
Emulsifiers (modified lecithin (ML) and
sodium caseinate (SC)) effectively stabilized
the nanoemulsions and higher [138]
bioaccessibility was observed in
ML-stabilized nanoemulsions.
The greater bioaccessibility compared to
free nanoemulsions and greater solubility.
Optimum formulation components and
conditions was selected that 2% w/w
astaxanthin and 4% w/w surfactant at 9000 [140]
rpm prehomogenization speed (~5 min) for
90 days.
Increased the bioavailability of astaxanthin. [141]
Increased the physicochemical stability of
lutein with coating and higher in vitro
Lutein bioaccessibility and chemical stability with
nanoemulsions.
Convenient water dispersibility and
enhanced stability compared to free lutein.
Combination with chitosan with
B-carotene electrostatic attraction onto the membrane
Lutein surface successfully Improved stability and [141]
Lycopene controlled release of carotenoids by
chitosomes.

Nanoemulsion

[139]

[117]

Phospholipid-Chitosan [142]

vesicles (chitosomes)

9. Conclusions

There is a worldwide leaning on natural ingredients in food, nutraceutical, and cosmetics. It has
been known that marine organisms serve as an extensive source for bioactive secondary metabolites
due to their viability in extreme environments and conditions. In particular, carotenoids obtained from
marine organisms displayed promising activity against various oxidative stress related disorders, and
epidemiological studies revealed that the populations consuming carotenoid rich diets have lower
oxidative stress related disorder risk. Although several activities of such compounds were shown by
in vitro, in vivo, and several clinical studies, there is a need for advanced biological and molecular
studies revealing the efficacy, activity mechanism, and metabolism. Bioavailability is an important
factor to consider when developing suitable formulations with health benefits, since new delivery
systems were produced for better bioavailability.
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Abbreviations

10, Singlet oxygen

4-HNE 4-hydroxy-2-nonenal

5-Fu 5-Fluorouracil

6-OHDA 6-hydroxydopamine

8-OHdG 8-hydroxy-2’-deoxyguanosine
AAPH 2,2’-Azobis(2-amidinopropane) dihydrochloride
ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
Akt Protein kinase B

ARE Antioxidant responsive elements
BHA Butylated hydroxyanisole
Car-O0*® Carotene-peroxyl radical

CAT Catalase

C-NP Casein nanoparticles

C-NP-CS Chitosan-coated nanoparticles
DMADP Dimethyl allyl diphosphate
DPPH 2,2-diphenyl-1-picrylhydrazyl
EDTA Ethylene diamine tetra acetic acid
ERK1/2 Extracellular-regulated kinase %
GCS y-glutamylcysteine synthetase
GPx Glutathione peroxidase

GSH Glutathione

GSTP1 Glutathione S-transferase

H,O, Hydrogen peroxide

HIF-1oc Hypoxia inducible factor-1o
HOBr Hypobromous acid

HOCI Hypochlorous acid

Huh?7 Human hepatic cellular carcinoma
IDP Isopentenyl diphosphate

LDL Low-density lipoprotein

LS-180 Human colorectal cancer cell line
MDA Malondialdehyde

ML Modified lecithin

MMP Matrix metalloproteinase

MMPs Matrix metallopeptidases
NADPH Nicotinamide adenine dinucleotide phosphate
NF-xB Nuclear Factor kappa B

NLCs Nanolipid-based carriers

NOX NAPDH oxidase

Nrf2-Keapl  Nuclear factor E,-related factor 2
o2 Molecular oxygen

Oy" Oxygen radical

(O Superoxide

O3 Ozone

OH Hydroxyl

PI3K/Akt Phosphatidylinositol-3 kinase
PTEN Phosphatase and tensin homolog
RAR Retinoid acid receptor
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RNS Reactive nitrogen species

RO Alkoxy radical

ROO Peroxyl radical

ROS Reactive oxygen species

RTK Receptor tyrosine kinase

RXR Retinoid X receptor

SC Sodium caseinate

SH-SY5Y Human neuroblastoma cell line

SLNs Solid lipid nanoparticles

SOD Superoxide dismutase

TAC Plasma total antioxidant capacity

TBARS Thiobarbituric acid reactive substances
tBuOOH Tert-butyl hydro peroxide

TEAC a-tocopherol equivalent antioxidant capacity
Trolox 8-tetramethylchroman-2-carboxylic acid

uv Ultraviolet

VEGF Vascular endothelial growth factor
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