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Abstract: Fucoxanthin (FX), a natural carotenoid present in edible brown seaweed, is known for its
therapeutic potential in various diseases, including bone disease. However, its underlying regulatory
mechanisms in osteoclastogenesis remain unclear. In this study, we investigated the effect of FX on
osteoclast differentiation and its regulatory signaling pathway. In vitro studies were performed using
osteoclast-like RAW264.7 cells stimulated with the soluble receptor activator of nuclear factor-κB
ligand or tumor necrosis factor-alpha/interleukin-6. FX treatment significantly inhibited osteoclast
differentiation and bone resorption ability, and downregulated the expression of osteoclast-specific
markers such as nuclear factor of activated T cells 1, dendritic cell-specific seven transmembrane
protein, and matrix metallopeptidase 9. Intracellular signaling pathway analysis revealed that FX
specifically decreased the activation of the extracellular signal-regulated kinase and p38 kinase,
and increased the nuclear translocation of phosphonuclear factor erythroid 2-related factor 2 (Nrf2).
Our results suggest that FX regulates the expression of mitogen-activated protein kinases and Nrf2.
Therefore, FX is a potential therapeutic agent for osteoclast-related skeletal disorders including
osteoporosis and rheumatoid arthritis.

Keywords: brown seaweed; fucoxanthin; osteoclastogenesis; MAP kinase; Nrf2

1. Introduction

Bones are a dynamic tissue that undergoes constant renewal and repair through bone
remodeling. This process is characterized by the spatiotemporal coupling of osteoclast-
induced bone resorption and osteoblast-induced bone formation. An imbalance between
bone resorption and bone formation, especially excessive osteoclastic activity, is involved in
the pathogenesis of osteoporosis, rheumatoid arthritis, multiple myeloma, and metastatic
cancers [1,2]. Osteoclasts are multinucleated cells that are differentiated from hematopoi-
etic precursor cells of monocyte or macrophage lineage by canonical stimulation with
macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-κB
(NF-κB) ligand (RANKL) [3,4]. RANKL binds to its receptor on osteoclast precursors to
activate the mitogen-activated protein kinase (MAPK) signaling pathway, and downstream
transcription factors and osteoclast differentiation markers, including AP-1, NF-κB, and nu-
clear factor of activated T cells 1 (NFATc1) [2,5,6]. Some cytokines, such as tumor necrosis
factor (TNF)-α and interleukin (IL)-6, can serve as noncanonical osteoclastogenic effectors
in a RANKL-independent mechanism [7,8].

Mar. Drugs 2021, 19, 132. https://doi.org/10.3390/md19030132 https://www.mdpi.com/journal/marinedrugs1
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Fucoxanthin (FX) is an oxygenated carotenoid present in edible brown sea algae
such as kombu (Laminaria japonica), wakame (Undaria pinnatifida), and arame (Eisenia
bicyclis) [9]. Previous studies demonstrated that FX possesses antiobesity, antidiabetic,
anti-inflammatory, anticancer, and hepatoprotective activities, in addition to its cerebrovas-
cular protective effects [10–18]. Fruit carotenoids such as lycopene and cryptoxanthin
were reported to inhibit osteoclastogenesis [19,20]. However, the effect and underlying
mechanism of FX on osteoclastogenesis remain poorly understood.

There is interest in the effect of FX on osteoclast differentiation. Although FX exhib-
ited a limited antiosteoresorptive effect in a ligature-induced periodontitis mouse model,
FX administration significantly reduced the number of RANKL-positive osteoclasts [21].
Das et al. [22] showed that the treatment of osteoclast-like RAW264.7 cells with 2.5 μM FX in-
hibits RANKL-induced osteoclast differentiation through an induction of apoptosis. Despite
this, an extremely high dose of FX did not produce significant side effects in animal models.
Moreover, several studies demonstrated that FX inhibits apoptosis or promotes the survival
of various nonmalignant cells at concentrations of up to 50 μM [23–26]. Taira et al. [27]
reported FX-induced cytotoxicity in RAW264.7 cells at 20 μM. Therefore, the underlying
mechanisms of FX effects on the canonical and noncanonical osteoclastogenic signaling
pathways could not depend on cellular apoptosis and are yet to be elucidated. In the present
study, we investigated the effects of FX on RANKL-dependent and -independent osteoclast
differentiation, and identified its molecular regulatory mechanisms.

2. Results

2.1. FX Effect on RAW264.7 Cell Viability

The cytotoxic effect of FX on RAW264.7 cells was determined using the 3-(4,5-dimethy-
lthiazol-2-yl) -2,5-diphenyltetrazolium bromide (MTT) assay (Figure 1A). FX did not affect
cell viability at a concentration of ≤5 μM. However, the number of viable cells after
treatment with 10 μM of FX was significantly lower than the number of untreated cells was.
Additionally, in contrast to the results of Das et al. [22], no cleavage of procaspase-3 and
poly ADP ribose polymerase (PARP; Figure 1B) was detected in cells treated with ≤10 μM
FX. Therefore, FX was used at a concentration of ≤5 μM in all subsequent experiments.

Figure 1. Effect of fucoxanthin (FX) on viability of RAW264.7 cells. (A) Cells treated with differ-
ent concentrations of FX, and cell viability was determined using 3-(4,5-dimethylthiazol-2-yl) -2,5-
diphenyltetrazolium bromide (MTT) assay. Data are representative of six independent experiments
and are expressed as mean ± standard error of mean (SEM); * p < 0.05 versus FX-untreated cells (0 μM).
(B) Procaspase-3 and poly ADP ribose polymerase (PARP) expression remained uncleaved upon
treatment with ≤10 μM FX, unlike in pemetrexed-treated cells of lung-cancer cell line NCI-H3122.

2.2. FX Inhibits Osteoclastogenesis

Tartrate-resistant acid phosphatase (TRAP) is highly expressed in differentiated osteo-
clasts, and is therefore used as a primary marker of osteoclastogenesis [28]. The treatment
of soluble RANKL (sRANKL, 50 ng/mL) or costimulation with TNF-α (50 ng/mL) and
IL-6 (50 ng/mL) in RAW264.7 cells increased the number of TRAP-positive and multi-
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nucleated cells compared with that of untreated control cells (Figure 2A). Under these
conditions, FX treatment decreased the number of TRAP-positive multinucleated cells in a
dose-dependent manner (Figure 2B). In experiments using human CD14+ monocytes, 0 to
5 μM of FX dose-dependently suppressed RANKL- and TNF-α/IL-6-induced osteoclast
differentiation from osteoclast precursors (Figure 2C). These results suggest that FX inhibits
the differentiation of RAW264.7 cells and human CD14+ monocytes to osteoclast-like cells.

Figure 2. Soluble receptor activator of nuclear factor-κB (NF-κB) ligand (sRANKL)- or tumor necrosis
factor (TNF)-α/interleukin (IL)-6-induced differentiation into osteoclast-like cells. (A) Representative
microscopic images of tartrate-resistant acid phosphatase (TRAP) stained RAW264.7 cells (red arrows;
original magnification, 100×). Blue box in bottom corner is a magnified photograph of the smaller
boxed area (original magnification, 400×). (B,C) Number of TRAP-positive multinucleated cells
differentiated from (B) RAW264.7 cells and (C) human CD14+ monocytes decreased upon treatment
with FX in a dose-dependent manner. Data are representative of three independent experiments and
are expressed as mean ± SEM; * p < 0.05 versus FX-untreated osteoclast-differentiated cells; † p < 0.05
by Jonckheere–Terpstra test. FX, fucoxanthin.

The resorption pit assay was performed to examine osteoclast activity. As shown in
Figure 3, the resorption pit area was significantly decreased upon treatment with FX in a
dose-dependent manner. These results collectively suggest that FX exerts an inhibitory
effect on both sRANKL-dependent and -independent bone-resorbing osteoclast activity.

3



Mar. Drugs 2021, 19, 132

Figure 3. Effect of FX on osteoclast activity. Statistical differences of resorption pit area and trends
tests are presented in histograms. Data are representative of three independent experiments and are
expressed as mean ± SEM. * p < 0.05 versus FX untreated cells; † p < 0.05 by Jonckheere–Terpstra test.

2.3. FX Downregulates Osteoclast-Specific Markers and Transcriptional Factors in RAW264.7 Cells

NFATc1 is a master transcription factor for osteoclastogenesis [29]. The expression of
NFATc1 in sRANKL- or TNF/IL-6-stimulated RAW264.7 cells decreased upon treatment
with FX in a dose-dependent manner (Figure 4A). Dendritic-cell-specific transmembrane
protein (DC-STAMP), another essential mediator for osteoclastogenesis, is upregulated
upon osteoclastogenic stimulation. Increased DC-STAMP expression, in turn, upregulates
the expression of osteoclast-specific markers such as TRAP [30]. As shown in Figure 4B,
DC-STAMP mRNA expression was significantly decreased upon treatment with FX in a
dose-dependent manner.

Figure 4. Effect of FX treatment on expression of osteoclast-specific markers. (A) Nuclear factor of
activated T cell 1 (NFATc1) protein expression and (B) dendritic-cell-specific transmembrane protein
(DC-STAMP) mRNA expression in sRANKL- and TNF/IL-6-stimulated RAW264.7 cells decreased
upon treatment with FX in a dose-dependent manner. Data are representative of three independent
experiments and expressed as mean ± SEM; * p < 0.05 versus FX untreated cells; † p < 0.05 by
Jonckheere–Terpstra test.

Matrix metallopeptidase (MMP)-9 is a well-established proteolytic effector of osteoclast-
mediated bone resorption. To examine whether FX affects MMP-9 production in differ-
entiated osteoclast-like cells, MMP-9 levels in culture supernatant were measured by
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ELISA. As shown in Figure 5, cells treated with 5 μM FX showed a significant decrease
in MMP-9 levels. Moreover, MMP-9 production decreased following FX treatment in a
dose-dependent manner.

Figure 5. Effect of FX treatment on MMP-9 levels in culture supernatant of osteoclast differentiated
RAW264.7 cells. MMP-9 concentration significantly decreased upon treatment with 5 μM FX. Data are
representative of three independent experiments and expressed as mean ± SEM; * p < 0.05 versus FX
untreated cells; † p < 0.05 by Jonckheere–Terpstra test.

To better understand the mechanism of the FX-induced inhibition of osteoclast differ-
entiation, we performed immunoblot analysis of RAW264.7 cells to measure the expression
of molecules known to be critically involved in the osteoclast signaling pathway, includ-
ing MAPKs (extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK),
and p38), NF-κB, and phosphoinositide 3-kinase (PI3K) [31]. The treatment of RAW264.7
cells with FX significantly reduced the phosphorylation of ERK and p38 in a concentration-
dependent manner. However, JNK, NF-κB, and PI3K phosphorylation was not altered
following FX treatment (Figure 6).

Figure 6. Effect of FX treatment on signaling pathways during osteoclastogenesis. FX inhibited extra-
cellular signal-regulated kinase (ERK) and p38 activation in both RANKL- and TNF-α/IL-6- stimulated
conditions. However, c-Jun N-terminal kinase (JNK), phosphoinositide 3-kinase (PI3K), and NF-κB
levels were not significantly altered. Data are representative of five independent experiments and
expressed as mean ± SEM; * p < 0.05 versus FX untreated cells; † p < 0.05 by Jonckheere–Terpstra test.
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Previous studies demonstrated that nuclear factor erythroid 2-related factor 2 (Nrf2) is
a negative regulator of osteoclastogenesis [32–34]. Nrf2 deficiency augments the RANKL-
induced activation of ERK and p38 MAP kinases in mouse bone-marrow-derived osteoclast
precursor cells [32]. Moreover, FX activates Nrf2 in nonbone and RAW264.7 cells [27,35–37].
We assessed the levels of phosphorylated Nrf2 and Nrf2 proteins in total cell extracts,
and the nuclear and cytosolic fractions of cell lysates by Western blotting (Figure 7A).
Nrf2 levels in total cell lysates were not affected by FX treatment. Expression of nuclear
Nrf2 significantly increased, while cytosolic Nrf2 expression dose-dependently decreased.
The proportions of phospho-Nrf2 expression in the nucleus compared to in the cytoplasm
were significantly augmented by FX. This effect increased with concentration (Figure 7B).
These results suggest that FX induces the dose-dependent phosphorylation and nuclear
translocation of Nrf2 in RAW264.7 cells.

Figure 7. Effect of FX treatment on phosphorylated nuclear factor erythroid 2-related factor 2 (p-Nrf2)
expression and nuclear localization of Nrf2 during osteoclast differentiation. Total cellular proteins
were extracted from RAW264.7 cells and p-Nrf2 and Nrf2 expression were assessed by Western blotting.
Cell lysates were fractionated into nuclear and cytosolic extracts, and identical experiments were
performed. (A) Representative immunoblots and graphs for Nrf2 in total cell lysate, nucleus, and cytosol,
and (B) nuclear/cytoplasmic p-Nrf2 from three independent experiments are shown. Data expressed
as mean ± SEM; * p < 0.05 versus FX untreated cells; † p < 0.05 by Jonckheere–Terpstra test.

3. Discussion

Several pharmacotherapeutic drugs such as bisphosphonate, estrogen, and anti-
RANKL antibodies are used to treat osteoporosis. However, these drugs are commonly
associated with side effects such as medication-related osteonecrosis of the jaw, atrial fibril-
lation, and esophageal cancer [38–40]. Moreover, osteoporosis is poorly treated globally
despite therapeutic advancements [41]. The proportion of patients with a hip fracture
who were prescribed bone-protective medication decreased from 40% to 21% between
2001 and 2011 [42]. This undertreatment and poor adherence to drugs may be due to
fear of adverse effects [41]. Therefore, therapeutic agents with no or minimal side effects
are required. The protective role of carotenoids on bone resorption has been recently
gaining attention. Carotenoids present in fruits and vegetables, such as lycopene and
β-cryptoxanthin, and marine carotenoid astaxanthin show inhibitory effects on osteoclasto-
genesis [19,20,43–45].
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Prior studies investigated the therapeutic effect of FX—a marine carotenoid—on
osteoclastogenesis. Kose et al. [21] investigated the therapeutic effect of FX on alveolar
bone resorption in a ligature-induced periodontitis mouse model. FX treatment significantly
reduced the number of RANKL-positive osteoclasts located in the resorption lacunae and
increased serum bone-specific alkaline phosphatase levels. Das et al. [22] demonstrated
that the treatment of osteoclasts differentiated from RAW264.7 cells with 2.5–5 μM FX
inhibited RANKL-induced osteoclast differentiation by inducing apoptosis. However,
FX did not exert cytotoxic effects in osteoblast-like cells at 2.5 μM. Although not the pure
FX compound, extracts containing FX from Sargassum fusiforme suppressed osteoclast
differentiation, promoted osteoblast formation [46], and exhibited antiresorptive effects in
an ovariectomized mice model. These studies suggest that FX functions as a bone-protective
agent in osteoclast-mediated skeletal disorders. Here, we showed that FX inhibits both
the canonical RANKL-induced osteoclastogenesis and the RANKL-independent TNFα/IL-
6-induced differentiation of osteoclasts (Figure 2). Moreover, FX significantly attenuated
osteoclastic bone resorption pit in a dose-dependent manner (Figure 3). Unlike the results
of Das et al., our results demonstrated that the inhibitory effect of FX at ≤5 μM is not
mediated by the apoptosis of osteoclast precursor cells (Figure 1B).

To our knowledge, there is no study focusing on the signaling pathway underlying
the bone-protective activity of FX. Osteoclast differentiation is a multistep process that
involves cell proliferation, commitment, fusion, and activation [2]. During this process,
RANKL interacts with RANK to recruit TNF receptor-associated factor (TRAF) adaptor
protein and induce downstream targets such as NF-κB, MAPK (JNK, ERK, and p38), PI3K,
and Akt [47,48]. Previous studies also reported that TNF-α and IL-6 can independently pro-
mote osteoclastogenesis in vitro of RANKL [7,8,49]. Moreover, TNF-α can activate various
signaling pathways, including p38 MAPK, ERK, and NF-κB [48,50]. Our study confirmed
that FX downregulates ERK and p38 in both RANKL-dependent and -independent path-
ways, but not JNK or PI3K (Figure 6). The pharmacological action of nitrogen-containing
bisphosphonates is also mediated by the inhibition of the MEK/ERK pathway [51].

NFATc1 is characterized as a master molecule of RANKL-induced osteoclast differen-
tiation and can autoamplify its own expression [52]. Previous studies demonstrated that
NFATc1 binds to the promoter region of MMP-9 and DC-STAMP in osteoclasts, and in-
creases mRNA expression [53,54]. In line with these findings, our study demonstrated a
significant decrease in DC-STAMP mRNA expression (Figure 4B) and production of MMP-9
(Figure 5) upon FX treatment, in addition to NFATc1 downregulation.

Nrf-2 is a transcription factor expressed in various cell types, and is known as a regu-
lator of cytoprotective genes against oxidative and chemical injuries [55]. Under normal
quiescent conditions, Nrf2 is tethered to cytoplasmic protein Keap1. However, in cells
exposed to stressful stimuli, Nrf2 is released from Keap1 and activated via phosphory-
lation. Nrf2 phosphorylation is important for its stabilization, and phospho-Nrf2 prefer-
entially translocates to the nucleus [55,56]. Nrf-2 can also regulate osteoclast formation
and activity. The overexpression of Nrf2 suppressed RANKL-induced osteoclast differ-
entiation by increasing the level of antioxidant enzymes and locally inducing nuclear
Nrf2-attenuated osteoclastogenesis [33,34,55]. In the present study, FX treatment promoted
the nuclear translocation and phosphorylation of Nrf2 in both RANKL-dependent and
-independent pathways (Figure 7). Consistent with this finding, nuclear translocation
and phosphorylation of Nrf2 by FX was reported in studies of human keratinocytes and
ischemia/reperfusion-induced neuron cells [35,36]. As Park et al. reported, the induction
of Nrf2 dramatically suppresses the transcriptional activity of NFATc1 [57], the activa-
tion of Nrf2 by FX in our findings suggests the decreased expression of NFATc1 by FX
(Figure 4A). Conversely, previous studies using HepG2 cells under oxidative-stress condi-
tions demonstrated that ERK or p38 kinase activation is required for drug-mediated Nrf2
translocation [58,59]. However, this study and a previous study with NRK-52E cells [60]
showed that the treatment of cells with FX reduced phosphor-ERK/p38 levels and induced

7



Mar. Drugs 2021, 19, 132

the nuclear translocation of phospho-Nrf2. The interaction between MAPK and Nrf2
pathways may vary depending on cell type, drug, or cell environment.

Limitations exist in this study. Although murine RAW264.7 cells are frequently used
as in vitro models of osteoclast differentiation, it is necessary to confirm the beneficial effect
of FX in human osteoclast precursors. Furthermore, in vivo studies are required to examine
the therapeutic potential of FX in disease models. Nonetheless, to our knowledge, this is the
first study to clarify the molecular regulatory mechanisms of FX in osteoclast differentiation.

We demonstrated that FX attenuates both RANKL-dependent and -independent os-
teoclastogenesis by downregulating ERK and p38 expression, and promoting the nuclear
translocation of phospho-Nrf2 in RAW264.7 cells, as summarized in Figure 8. FX is con-
firmed to have no side effects and can be easily extracted from marine macro/microalgae.
Therefore, FX represents a safe and inexpensive candidate drug for the treatment of various
diseases accompanying the imbalance between osteoclasts and osteoblasts.

 

Figure 8. Signaling pathways and effects of FX during osteoclastogenesis. Inhibitory effect of FX
is mediated by blocking the activation of ERK and p38, promoting Nrf2 nuclear translocation and
phosphorylation, and subsequently downregulating NFATc1. Nrf2 induction was previously reported
to suppress NFATc1 transcriptional activity [57].

4. Materials and Methods

4.1. Cell Lines and Reagents

RAW264.7, a murine macrophage cell line, was purchased from the American Type
Culture Collection (ATCC; Rockville, MD, USA). Human lung adenocarcinoma cell line
NCI-H3122 was a kind gift from Professor Jong-Seok Lee (Seoul National University Col-
lege of Medicine, Seoul, South Korea). Human peripheral blood mononuclear cells (PMBCs)
were obtained from 4 anonymous donors (Koma Biotech, Seoul, Korea). Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) and Minimum Essential Medium Eagle-Alpha Modification
(α-MEM) were purchased from Welgene (Daegu, Korea). Fetal bovine serum (FBS) was
obtained from Atlas Biologicals (Fort Collins, CO, USA) and penicillin–streptomycin from
Gibco (Carlsbad, CA, USA). Recombinant mouse TNF-α, mouse IL-6, and human sRANKL
were purchased from PeproTech (Rocky Hill, NJ, USA). CD14 MACS® MicroBeads were
purchased from Miltenyi Biotec Inc. (Auburn, CA, USA).

Antibodies against procaspase-3, caspase-3, PARP, cleaved-PARP, ERK, phospho-ERK,
p38, phospho-p38, JNK, phospho-JNK, PCNA, PI3K, and phospho-PI3K were purchased
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from Cell Signaling Technology (Danvers, MA, USA). Anti-β-actin antibody was purchased
from Enogene Biotech (New York, NY, USA), and anti-NFATc1, anti-phospho-p65, anti-Nrf2,
and phospho-Nrf2 antibodies were from ABcam (Cambridge, UK).

ELISA kits for MMP-9 were obtained from R&D Systems (Minneapolis, MN, USA).
The TRAP staining kit was acquired from Takara (Shiga, Japan), and the bone resorption
assay kit from Cosmo Bio (Tokyo, Japan). The MTT assay kit was purchased from Sigma–
Aldrich (St. Louis, MO, USA).

4.2. Cell Viability Test Using MTT Assay

Cell viability was determined using the MTT assay kit as per the manufacturer’s
protocol. Cells were seeded into 48 well tissue culture plates at a density of 2 × 103 per
well in growth medium. After 24 h, logarithmic phase cells were incubated with different
concentrations of FX for 5 days. Thereafter, MTT (5 mg/mL in PBS) was added to each
cell. After 4 h, the medium was removed, and dimethylsulfoxide was added to solubilize
MTT for an additional 4 h. After extraction with dimethylsulfoxide, optical density (OD)
was measured at 495 nm. Percentage viability was calculated as (OD of drug-treated
sample/OD of control) × 100.

4.3. Culture and Differentiation of Cell Lines

RAW264.7 cells were seeded in 48 well plates (2 × 103 per well), and cultured in
α-MEM containing 10% FBS and 1% penicillin/streptomycin at 37 ◦C in 5% CO2/95%
O2 in a humidified cell incubator. The culture medium was replenished every 3 days.
Osteoclast differentiation was induced either by stimulation with sRANKL (50 ng/mL) for
5 days or costimulation with TNF-α (50 ng/mL) and IL-6 (50 ng/mL).

Cryopreserved human PMBCs were thawed and washed, and CD14-positive cells
were isolated using anti-CD14 antibody-coated microbeads. CD14+ monocytes were seeded
at 1.5 × 105 cells/well in a α-MEM medium containing 10% FBS and M-CSF (50 ng/mL).
After confirming that the cells remained attached the following day, they were treated with
sRANKL (50 ng/mL) or TNF-α (50 ng/mL)/IL-6 (50 ng/mL) under conditions of 0, 1,
2.5, and 5 μM FX. The culture medium was replaced every 4 days, and multinucleated
TRAP-positive cells were counted after 17 days.

4.4. Osteoclast Differentiation from RAW264.7 Cells and Osteoclast Activity Assays

To evaluate the direct effects of FX on osteoclast differentiation, RAW264.7 cells were
treated with 0, 1, 2.5, and 5 μM FX under sRANKL or TNF/IL-6 stimulation. Cells were
stained with TRAP after 4 days of stimulation, and TRAP-positive multinucleated cells
were enumerated under a light microscope.

Osteoclast activity was determined by measuring the area of resorption pits using
calcium phosphate-coated 48 well plates according to the manufacturer’s recommendation.
RAW264.7 cells were washed once with α-MEM containing 10% FBS and seeded onto 48 well
plates (2 × 103 per well). The following day, cells were treated with FX under sRANKL
or TNF/IL-6 stimulation. On Day 5, the pit area was measured after adding 5% sodium
hydrochlorite along the plate wall to remove RAW264.7 cells, and after washing with water.
After air drying, microscopic images of all fields were acquired, and the resorbed pit area
per well was measured using ImageJ software (NIH, Bethesda, MD, USA).

4.5. Immunoblotting

To determine the expression of intracellular proteins, immunoblotting was performed
with the aforementioned antibodies. For NFATc1 and Nrf2 expression, RAW264.7 cells
were seeded onto a 6 well plate (2.0 × 104 per well) in α-MEM containing 10% FBS. On the
following day, 0, 1, 2.5, and 5 μM FX were added to the culture medium, and cells were
grown under sRANKL or TNF-α/IL-6 stimulation for 4 days. For MAPK, p65, and PI3K
expression, RAW264.7 cells were cultured in α-MEM containing 10% FBS with 0, 1, 2.5,
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and 5 μM FX for 4 days. Thereafter, cells were incubated with sRANKL or TNF-α/IL-6 in
serum-free media for 30 min.

Total cell lysates were obtained using cold radioimmunoprecipitation assay (RIPA)
buffer (25 mM Tris-HCl, pH 7.6; 150 mM NaCl; 1% NP-40; 1% sodium deoxycholate; 0.1%
SDS). The crude extract was separated on 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride membranes.
Protein bands were detected using an enhanced chemiluminescence system (Amersham
Biosciences, Little Chalfont, UK). Nuclear extracts were prepared with the NE-PER Nu-
clear Cytoplasmic Extraction Reagent kit (Pierce, Rockford, IL, USA) according to the
manufacturer’s instructions. The relative expression of each protein was determined by
densitometric analysis using ImageJ software.

4.6. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) and Real-Time PCR

The expression levels of osteoclast-related genes were measured using RT-PCR with
specific primers. cDNA and target-specific primers were added to the power SYBR green
PCR master mix (Applied Biosystems, Foster City, CA, USA). PCR cycling parameters were
as follows: amplification (1 cycle at 50 ◦C for 2 min, 1 cycle at 95 ◦C for 10 min, and 40 cycles
at 95 ◦C for 15 s and 60 ◦C for 1 min). Fold changes of gene expression were calculated
with the ΔΔCt method using ribosomal protein S18 as the reference gene. Specific murine
primers are summarized in Table 1.

Table 1. Oligonucleotide primers used for RT-PCR.

Target Gene GenBank Accession Number Primer Sequence

18S ribosomal RNA
NR_003278 Forward 5′-GCAATTATTCCCCATGAA CG-3′

Reverse 5′-GGCCTCACTAAACCATCCAA-3′

DC-STAMP
NM_029422 Forward 5′-TGCCAGGGCTGGAAGTTCAC-3′

Reverse 5′-AAGGAGCTTCGCATGCAGGT-3′

4.7. ELISA

RAW264.7 cells were seeded onto a 6 well plate (2.0 × 104 per well) in α-MEM
containing 10% FBS. On the following day, 0, 1, 2.5, and 5 μM FX were added to the culture
medium and incubated with sRANKL or TNF/IL-6 for 4 days. MMP-9 detection was
performed using commercial ELISA kits according to the manufacturer’s instructions.

4.8. Statistical Analysis

All experiments were performed at least three times, and data are presented as
mean ± SEM. Continuous variables were compared using Mann–Whitney U test. For dose-
response analyses, the nonparametric Jonckheere–Terpstra trend test was performed.
All data were analyzed using STATA® SE, version 15.0 (StataCorp LLC, College Station,
TX, USA). A p value < 0.05 was considered statistically significant.

5. Conclusions

FX inhibits osteoclast differentiation and bone-resorption activity through downregu-
lating p38 and ERK, and promoting the nuclear translocation of phospho-Nrf2. The results
of this study provide useful insight into the molecular mechanisms of FX action. Hence,
FX could be used to treat bone diseases caused by excessive osteoclastic activity.
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Abstract: Cardiovascular diseases such as atherosclerosis and aortic valve sclerosis involve inflam-
matory reactions triggered by various stimuli, causing increased oxidative stress. This increased
oxidative stress causes damage to the heart cells, with subsequent cell apoptosis or calcification.
Currently, heart valve damage or heart valve diseases are treated by drugs or surgery. Natural
antioxidant products are being investigated in related research, such as fucoxanthin (Fx), which
is a marine carotenoid extracted from seaweed, with strong antioxidant, anti-inflammatory, and
anti-tumor properties. This study aimed to explore the protective effect of Fx on heart valves under
high oxidative stress, as well as the underlying mechanism of action. Rat heart valve interstitial cells
under H2O2-induced oxidative stress were treated with Fx. Fx improved cell survival and reduced
oxidative stress-induced DNA damage, which was assessed by cell viability analysis and staining
with propidium iodide. Alizarin Red-S analysis indicated that Fx has a protective effect against
calcification. Furthermore, Western blotting revealed that Fx abrogates oxidative stress-induced
apoptosis via reducing the expression of apoptosis-related proteins as well as modulate Akt/ERK-
related protein expression. Notably, in vivo experiments using 26 dogs treated with 60 mg/kg of
Fx in combination with medical treatment for 0.5 to 2 years showed significant recovery in their
echocardiographic parameters. Collectively, these in vitro and in vivo results highlight the potential
of Fx to protect heart valve cells from high oxidative stress-induced damage.

Keywords: fucoxanthin; oxidative stress; calcification; heart valve interstitial cell

1. Introduction

The pathogenesis of cardiovascular disease, such as atherosclerosis and aortic valve
sclerosis, involves inflammatory reactions in response to a variety of stimuli including high
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levels of low-density lipoprotein (LDL) and reactive oxygen species (ROS). The latter are
triggered by increased oxidative stress, infections, and chemical damage. In cardiovascular
diseases, increased load on myocardial cells or insufficient energy supply would cause an
imbalance in energy supply and demand, resulting in an increase in energy metabolism
and mitochondrial redox. This eventually leads to an increase in reactive oxygen species
(ROS) and damage to heart cells [1].

Heart valves, such as the aortic valve, mainly comprise two types of cells: valve
endothelial cells (VEC) on the surface and valve interstitial cells (VIC) in the matrix. VECs
regulate message transmission and permeability and also prevent thrombosis [2]. VICs
maintain the tissue structure of the valves. Normally, healthy valve cells are mainly
of the fibroblast type, but cell apoptosis can be induced in cases of increased reactive
oxygen species and this leads to valve damage [3]. Apoptosis is a regulatory pathway
of programmed cell death in response to signals generated by environmental stimuli. In
the process of apoptosis, a DNA repair protein called poly (ADP-ribose) polymerase-1
(PARP-1) is truncated, causing cell apoptosis [4].

Another role of elevated ROS is in affecting extracellular matrix (ECM) remodeling [5].
In heart valves, ECM remodeling occurs in layers enriched with VIC fibroblast cells with
subsequent valve fibrosis potential. A previous study showed that valvular osteoblast
induction could activate the ECM accumulation and calcification process [6,7]. Moreover,
ROS-induced chronic inflammation resulted in an influx of macrophages and increased
pro-osteogenic and angiogenic activities [5], which in return increased the production of
proteolytic enzymes and triggered ECM remodeling and valve fibrosis [8].

Small-breed dogs weighing less than 20 kg can suffer from heart valve diseases [9].
In Taiwan, Maltese present the highest incidence [10]. The progression of valve disease is
correlated with increased age, heart volume enlargement, and the regurgitation of blood
flow [10].

Fucoxanthin (Fx) is a carotenoid with high anti-oxidative activity that is abundant
in brown seaweeds [11]. Fx has shown a potential ability to lower lipid peroxidation [12]
and exert anti-inflammatory [13], anti-tumor [14], and anti-hyperuricemia [15] effects.
Additionally, in cardiovascular disease Fx has shown recovery effects related to DNA
damage and cardioprotective effects [16]. However, studies of the protective role of Fx
in heart valve interstitial cells are lacking. In this study, we investigated the potential
mechanism of Fx in protecting the heart valves from fibrosis.

2. Results

2.1. Protective Effect of Fx on VIC Cell Viability from H2O2-Induced Oxidative Stress
2.1.1. Effect of H2O2 on the VIC Cell Viability

After the cell extraction (Supplementary Figure S1), we treated the cells with H2O2
in serial doses for 15 min, 1 h and 4 h to induce high oxidative stress in VIC to measure
the cell viability. The results showed that H2O2 at doses of 0.5 mM and above significantly
reduced cell proliferation at all the time points. Notably, H2O2 at 0.5 mM for 15 min (min)
decreased the cell viability by 30%, which is considered a moderate effect of oxidative
stress to be used in following experiments (Figure 1A).

2.1.2. Effect of Fx on VIC Cell Viability

To evaluate Fx’s effect on the VIC cell viability, we treated the cells with different doses
of Fx for 24, 48, and 72 h and measured cell viability using and 3-(4,5-Dimethylthiazol-
2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay. The results showed that Fx did not
significantly affect the VIC cell viability, except when the highest dosage (5 mg/mL) was
used, probably due to its toxic effect (Figure 1B).
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Figure 1. Protective effect of fucoxanthin (Fx) on VIC cell viability following H2O2-induced oxidative stress. Rat heart valve
interstitial cells (3000 cells/well) were cultured in DMEM/F12 supplemented with 10% FBS for 24 h. (A) Treated with H2O2

(0.1–10 mM) for 15 min, 1 h and 4 h. (B) Treated with Fx (0.01–5 mg/mL) for 24, 48, and 72 h. (C, D) Cells were pretreated
with Fx (Fx, 0.01–1 mg/mL) for 24 h, then treated with 0.5 mM of H2O for 15 min. Cell viability was analyzed by MTT
assay in (C) or through cell counting in (D). ***, p < 0.001 compared with untreated control cells. #, p < 0.05; ##, p < 0.01;
###, p < 0.001 compared with the H2O2-induced group. White bar, control group; Blue bar, different dosage of H2O2-induced
group; Green bar, H2O2-induced group; Yellow bar, Fx-treated group.

2.1.3. Fx-Abrogated H2O2-Induced VIC Viability Change

Next, we explored the combined effect of the Fx and H2O2 on VIC viability to eval-
uate the protective effect of Fx. Cells were first pretreated with different doses of Fx for
24 h, then exposed to 0.5 mM of H2O2 for 15 min., which earlier was enough to inhibit cell
proliferation. MTT assay was used to measure the cell viability. The results showed that
Fx could alleviate the inhibitory effect of H2O2-induced oxidative stress on VIC growth
(Figure 1C,D).

2.2. Fx-Ameliorated H2O2-Induced DNA Damage and Apoptosis-Related Protein Expression
2.2.1. Fx Decreased H2O2-Induced VIC Cell Morphology Changes and DNA Damage

To further explore the protective effect of Fx on VIC cells in the context of halting
DNA damage, we used PI staining and microscopy to visually observe any morphological
changes. Following the pretreatment of the cells with Fx and then H2O2, PI staining with
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fluorescence signal increased, the result showed that Fx was able to prevent oxidative
stress-induced DNA damage (Figure 2A,B).

Figure 2. Fucoxanthin (Fx) ameliorated H2O2-induced DNA damage and apoptosis-related protein expression. Rat heart
valve interstitial cells were cultured in a 6-well plate for 24 h, pretreated with Fx for 24 h, and then treated with H2O2 for
15 min. (A) Cells were stained with PI solution (1 μg/mL) for 1 h and visualized by microscopy at 200× magnification.
(B) Quantified by Image J. Western blotting was used to explore the protein expression of (C) total and cleaved PARP, and
(D) apoptosis-related markers cleaved caspase 3, Bcl2, and Bax. ***, p < 0.001 compared with untreated control group.
###, p < 0.001 compared with H2O2-induced group. White bar, control group; Green bar, H2O2-induced group; Yellow bar,
Fx-treated group.

2.2.2. Fx-Ameliorated H2O2-Induced Apoptosis-Related Protein Expression

Along with the increase in cell damage and decrease in cell viability, we used the
Western blotting technique to explore the effect of the administration of both H2O2 and
Fx on the apoptosis-related protein expression. The H2O2-induced group showed a sig-
nificant increase in the expression of the cleaved form of PARP, while pretreatment with
Fx significantly reversed the expression of cleaved PARP (Figure 2C). Furthermore, we
explored other apoptosis-related markers, such as cleaved caspase 3 and the Bax/Bcl2 ratio
(Figure 2D). The results confirmed that H2O2-induced apoptosis, which was reversed after
the Fx treatments. Collectively, these results highlight the anti-apoptotic effect of Fx in
VIC cells.
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2.3. Effect of Fx on H2O2-Induced Reactive Oxygen Species

According to DCFDA’s result, treatment with H2O2 induced a high level of ROS,
which in turn could lead to damage to the valve structure and subsequent calcification [17].
The results show that Fx could alleviate the high oxidative stress-induced ROS level, as
shown by a reduction in the fluorescence (Figure 3A) and density (Figure 3B).

Figure 3. Effect of fucoxanthin (Fx) on the H2O2-induced ROS level. Rat heart valve interstitial cells were cultured in
DMEM/F12 supplemented with 10% FBS for 24 h, pretreated with 0.01–1 mg/mL of Fx for 24 h, then treated with 0.5 mM
of H2O2 for 15 min. ROS were visualized using DCFDA. These were assessed by microscopy at 200× magnification
(A) and we used Image J for the density quantification (B). ***, p < 0.05 compared with untreated control group;
###, p < 0.001 compared with H2O2 group. White bar, control group; Green bar, H2O2-induced group; Yellow bar,
Fx-treated group.

2.4. Effect of Fx on Oxidative Stress-Induced Calcification and the Expression of Its Related
Markers in VIC

Oxidative stress was shown to trigger calcification in VIC [18], which involves the
activation of the Akt/ERK signaling pathway [19]. Therefore, we evaluated the effect
of both H2O2 and Fx on the ROS and calcification-related Akt/ERK signaling pathway.
The results showed that H2O2 treatment significantly increased the phosphorylation of
Akt and ERK proteins. Notably, the pre-treatment with Fx was able to decrease such
activation (Figure 4A,B). Furthermore, we used Alizarin Red-S for calcification staining and
the results showed that calcification was increased in response to H2O2 and alleviated by
Fx pretreatment (Figure 4C,D). Consistently, the Western blotting results showed that the
Fx treatment was able to partially oppose the H2O2-induced ECM remodeling of marker
matrix metalloproteinase 2 (MMP-2) in VIC cells (Figure 4E).
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Figure 4. Effect of fucoxanthin (Fx) on oxidative stress-induced calcification and the expression of its related markers in
VIC. Rat heart valve interstitial cells were cultured in a 6-well plate for 24 h, pretreated with Fx for 24 h, then induced
with H2O2 for 15 min. Western blotting was used to analyze the protein expression of (A) pAkt/Akt (B) pERK/ERK.
(C) Alizarin Red-S staining was used to visualize calcification, which was assessed by microscopy at a 200× magnification
and (D) quantified by Image J. (E) MMP-2 protein expression was analyzed using Western blotting. **, p < 0.01; ***, p < 0.001
compared with untreated control group. ##, p < 0.01; ###, p < 0.001 compared with H2O2-induced group. White bar, control
group; Green bar, H2O2-induced group; Yellow bar, Fx-treated group.
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2.5. Long-Term Cardioprotective Effect of Fx Treatment in Dogs

Long-term treatment with Fx in the 26 dogs resulted in a significant decrease in
their vertebral heart size (VHS) (Figure 5A). VHS score is a number that normalizes heart
size to body size using the mid-thoracic vertebrae as units of measurement, reflecting
compensatory cardiac enlargement [20]. In addition, treatment showed the improvement
of the left atrium to aortic (LA/AO) dimension ratio (Figure 5B), Tei index (Figure 5C),
and E/e value (Figure 5D). The linkage of the mitral valve and tricuspid valve showed a
significant decrease in echocardiography (Figure 5E,F). Collectively, Fx supplementation
could improve the overall function of ventricular contraction and relaxation, confirming
the findings of previous studies [21].

Figure 5. Long-term cardioprotective effect of fucoxanthin (Fx) treatment in dog. After Fx treatments, echocardiography
analysis showed (A) a significant decrease in the VHS score, (B) an improvement in LA/AO, (C) a reduction in the Tei
index, and (D) a decrease in the E/e percentage. The linkage of (E) the mitral valve and (F) the tricuspid valve decreased.
***, p < 0.001 compared with the baseline.
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3. Discussion

Oxidative stress and ROS contribute significantly to the pathogenesis of cardiovascular
diseases [22], such as stroke and hypertension [23]. Elevated ROS could cause vascular
damage via recruiting more leukocytes in blood reperfusion [24]. Moreover, oxidative
stress can induce endothelial dysfunction and induce pro-fibrotic and pro-osteoblastic
effects with subsequent calcification in the aortic valves, as shown in a mouse calcific aortic
valve disease (CAVD) model [25].

Oxidative stress via ROS induces damage to DNA double strands, in addition to
the rapid phosphorylation of H2AX by PI3K-related kinases with downstream Akt mod-
ulation [26]. Additionally, Akt phosphorylation induced the osteogenic early marker
RUNX2 [17], which had the ability to increase osteogenic differentiation [27]. The pro-
gression of calcification in VIC cells also involved a significant increase in the osteogenic
medium (OM) condition as well as the increased phosphorylation of the NF-κB, PI3K-Akt,
TNF, and MAPK signaling pathways [19]. In this study, Fx treatment could alleviate the
oxidative stress-induced ROS level (Figure 3) and decrease the progression calcification
through Akt- and MAPK-related signaling pathways (Figure 4).

Aortic leaflets are composed of three main layers, named the fibrosa, spongiosa, and
ventricularis. This composition builds up the valve function, which is mainly diastole and
systole extension [28]. Considering that ECM is also the main component of valves, the
structure and the arrangement of ECM play important roles in the valve function.

Increased inflammation and LDL oxidation induce the calcification of the valves [29].
On the other hand, oxidized high-density lipoprotein (ox-HDL) increases in CAVD patients’
plasma to protect against the high oxidative stress induced by CAVD [30]. As ROS increase,
chronic inflammation, with accompanying immunity components, increases, along with
increased growth factors and proteolytic enzymes, such as MMP-9 and MMP-2 for ECM
deposition and remodeling effects [31]. Therefore, the up-regulation of MMPs indicates
valve remodeling and calcification [32].

Several studies have shown vascular diseases with ROS-related pathology in studies
of animals fed with a high-cholesterol or high-fat diet to induce vascular calcification.
There are different categories of antioxidant compound. Natural antioxidants, such as
gallic acid [33], curcumin [34], and quercetin [35], or synthetic ROS scavengers such
as N-acetylcysteine, pyrrolidine dithiocarbamate, and poly(1,8-octamethylene-citrate-co-
cysteine) with a reduction in ROS, PI3K/Akt or inflammation-related protein expression
could reduce calcification and apoptosis through ROS scavenging [36].

Fx exerts antioxidant ability that has been shown to eliminate pregnancy-related
hypertension [37], high glucose-induced diabetes retinopathy [38], and ox-LDL-induced
endothelial damage [39] via ROS reduction. In our current in vitro study, Fx showed a
potential protective effect against high oxidative stress-induced VIC damage through a
reduction in apoptosis (Figure 2) and ROS and modulation of the phosphorylation of Akt
and ERK to decrease the calcification and ECM accumulation (Figure 4).

The first-line diagnosis of heart valve disease in dogs includes the use of radiographs,
ultrasound, and echocardiography [40]. Indicators of valve disease include an increase
in VHS score or LA/AO. In echocardiography assessment, the veterinarian would use
the Tei index to evaluate systolic and diastolic function. The E/e’ ratio is used to assess
the mitral valve inflow and analyze the mitral valve leakage and left ventricular diastolic
dysfunction [41]. In our study, fucoxanthin treatments could reverse mitral valve and
tricuspid valve leakage. Moreover, using in vivo experiments in dogs, we showed that the
long-term supplementation of Fx could improve both compensatory cardiac hypertrophy
and valve function (Figure 5).

4. Materials and Methods

4.1. Reagents Preparation

High-stability fucoxanthin (HS Fucoxanthin, HSFUCO, Fx) was obtained from Hi-Q
Marine Biotech International Ltd. (Taipei, Taiwan) and dissolved in ddH2O [38].
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4.2. Cell Extraction and Treatment

The extraction of primary rat valve interstitial cells (VIC) was carried out as shown
in a previous study [42]. Briefly, after harvesting all the leaflets, pellet was centrifuged
and incubated with collagenase II (Thermo) for 2 h to obtain VIC debris. Cells were then
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM/F12) (CASSION, Taichung
City, Taiwan) combined with 100 units/mL of penicillin, 100 μg/mL of streptomycin
(CORNING, Manassas, VA, USA), sodium bicarbonate (2.438 g/L; Bio-Shop, Burlington,
ON, Canada), and 10% fetal bovine serum (FBS; CORNING, Manassas, VA, USA). To
explore the protective effect of Fx against oxidative stress, VIC were pretreated with Fx for
24 h and then treated with H2O2 for 15 min.

4.3. 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay

VIC cells were seeded in 96-well plates (3000 cells/well). The cells were pretreated
with different doses of Fx (mg/mL) for 24 h and then with H2O2 for 15 min. After the
treatment, we used the MTT assay (Abcam, Cambridge, MA, USA) for the analysis of cell
viability. We added 1 mg/mL of MTT for 3 h until the crystal precipitation formed. Then
added 100 μL/well of dimethyl sulfoxide (DMSO; ECHO Chemical Co. Ltd., Taipei, Tai-
wan) to dissolve the crystal formation. We used VERSA Max microplate reader (Molecular
Devices, San Jose, CA, USA) to measure the optical density at 570 and 630 nm.

4.4. Cell Counting

After the treatments, cell pellets were mixed with 0.4% trypan blue solution (Gibco,
Grand Island, NY, USA). We used a hemocytometer (Hausser scientific company, Horsham,
PA, USA) to calculate the cell number at 200× magnification.

4.5. PI Staining

Propidium iodide (PI) solution (500 μg/mL) (Sigma-Aldrich, St. Louis, MO, USA)
was dissolved with sterile ddH2O and stained with PI (1 μg/mL) solution for 1 h. We used
microscopy (Olympus, Tokyo, Japan) to carry out fluorescence imaging at 200× magnification.

4.6. ROS Density Measurement

VIC cells were cultured in 6-well plates. We used 25 μM 2′,7′–dichlorofluorescin
di-acetate (DCFDA, Cayman, Ann Arbor, MI, USA) staining for 30 min. Then, we used
microscopy to capture the fluorescence image. We used the Image J software (Version 1.52t,
NIH, Bethesda, MD, USA) to carry out ROS density quantification in single cells.

4.7. Alizarin Red-S Staining Assay

The calcification progression was assessed by Alizarin Red-S staining (Sciencell, Carls-
bad, CA, USA). After treatment, the cells were fixed with 4% paraformaldehyde (Sigma-
Aldrich) for 10 min and then stained with Alizarin Red-S for 30 min. We used a fluorescence
microscope to image the stained area. We used the VERSA Max microplate reader to mea-
sure the absorbance at 405 nm.

4.8. Protein Extraction and Western Blot

Cells were lysed in radioimmunoprecipitation assay (RIPA) lysis buffer with added
protease and phosphatase inhibitors (Roche, Mannheim, Baden-Württemberg, Germany).
Additionally, we quantified the cells with a bicinchoninic acid (BCA) assay, used sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to a
polyvinylidene fluoride (PVDF) membrane. Blocking with 5% bovine serum albumin
(BSA) solution for 1 H was carried out. We used primary antibodies—poly (ADP-ribose)
polymerase (PARP) (1:1000; Cell Signaling, Boston, MA, USA), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (1:10,000; Proteintech, Rosemont, IL, USA), p-Akt (1:1000, Cell
signaling), Akt (1:1000, Cell signaling), p44/42 MAPK (Erk1/2) (1:1000, Cell signaling),
phospho-p44/42 MAPK (Erk1/2) (1:1000, Cell signaling), MMP-2 (1:1000, Abcam), BCL2
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Associated X (Bax) (1:1000, Cell signaling), and B-cell lymphoma 2 (Bcl-2) (1:500, Santa
Cruz, Santa Cruz, CA, USA)—cultured the mixture at 4 ◦C overnight, washed it three times,
and then stained it with horseradish peroxidase (HRP)-conjugated secondary antibody
(1:5000–10,000) for 2 h. The signal was captured by the eBlot Touch Imagertm (eBlot
Photoelectric Technology, Shanghai, China). The band densities were determined using the
Image J software program version 1.52 t (NIH, Bethesda, MD, USA). The expression level
of these target proteins was analyzed in three individual experiments.

4.9. In Vivo Animal Experiments

With the help of a veterinarian, we recruited 26 heart disease-diagnosed dogs for
the in vivo experiment. The dogs were treated with Fuco Pets HeartFight® (contained
60 mg/kg Fx) twice daily from Hi-Q Marine Biotech International Ltd. (Taipei, Taiwan)
combined with medical treatments for 0.5 to 2 years. We used conventional echocar-
diography and standard Doppler examination to follow up the valve function. Esaote’s
MyLab™ClassC® (Italy) equipped with a PA-122 probe cardio phased array (frequency
range of 3–8 MHz) was used to obtain all the echocardiographic data.

The left atrium to aorta (LA/AO) ratio was measured using B-mode images acquired
from a short axis five-chamber view of the right sternum wall.

4.10. Statistical Analysis

The data are expressed as the mean ± standard deviation (SD). We used GraphPad Prism
8.0 for the analysis. Student’s t-test was used for the comparisons between the two groups.
One-way ANOVA tests were used to compare multiple groups, followed by Tukey’s post hoc
test. A p-value of less than 0.05 was considered significant. The p values are presented as *,
p < 0.05; **, p < 0.01; ***, p < 0.001; or #, p < 0.05; ##, p < 0.01; and ###, p < 0.001.

5. Conclusions

Treatment with Fx was demonstrated to effectively protect against the harmful effects
of high H2O2-induced oxidative stress in heart valve interstitial cells through the antioxi-
dant potential of Fx as follows: (1) Fx can recover H2O2-induced cell viability impairment,
(2) Fx can oppose H2O2-induced apoptosis, (3) Fx can inhibit the Akt/ERK-related signaling
pathway to reduce heart valve calcification, (4) long-term treatment with Fx could recover the
heart valve function and leakage in dogs. These data show that Fx has the potential to protect
heart valve cells from damage caused by high oxidative stress (Figure 6).

Figure 6. Schematic representation of the potential effects of Fx on protection against high oxidative
stress-related cell apoptosis and the ROS-related calcification signaling pathway. Furthermore, in vivo
experiment shows Fx’s ability to protect against valve-related disease in dogs.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md19060307/s1: Figure S1. Protein marker expression in rat valve interstitial cells (A)
Used western blot Rat valve interstitial cells (VICs) were negative for the endothelial cell marker,
CD31, positive with vimentin and α-SMA. (B) Used microscopy in 200× magnification to capture the
morphology of VICs.
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Abstract: Natural astaxanthin helps reduce the negative effects caused by oxidative stress and
other related factors, thereby minimizing oxidative damage. Therefore, it has considerable potential
and broad application prospects in human health and animal nutrition. Haematococcus pluvialis is
considered to be the most promising cell factory for the production of natural astaxanthin. Previous
studies have confirmed that nonmotile cells of H. pluvialis are more tolerant to high intensity of
light than motile cells. Cultivating nonmotile cells as the dominant cell type in the red stage can
significantly increase the overall astaxanthin productivity. However, we know very little about how
to induce nonmotile cell formation. In this work, we first investigated the effect of phosphorus
deficiency on the formation of nonmotile cells of H. pluvialis, and then investigated the effect of
NaCl on the formation of nonmotile cells under the conditions of phosphorus deficiency. The results
showed that, after three days of treatment with 0.1% NaCl under phosphorus deficiency, more than
80% of motile cells had been transformed into nonmotile cells. The work provides the most efficient
method for the cultivation of H. pluvialis nonmotile cells so far, and it significantly improves the
production of H. pluvialis astaxanthin.

Keywords: Haematococcus pluvialis; astaxanthin; nonmotile cells; phosphorus deficiency

1. Introduction

Astaxanthin is a keto-carotenoid that has a wide range of applications in aquaculture,
food, cosmetics, and human health due to its strong antioxidant and coloring functions [1,2].
Currently, there are mainly two types of astaxanthin on the market: artificial synthetic
astaxanthin and natural astaxanthin [3]. Artificial synthetic astaxanthin accounts for
about 95% of the market and is mainly used in aquaculture [2]. Although synthetic
astaxanthin has the advantages of lower cost and price, it has not been approved for
human consumption due to possible safety issues [3]. In contrast, natural astaxanthin is
significantly better than artificial synthetic astaxanthin in terms of stability, antioxidant
activity, absorption effect and biosafety, and has been approved by China, the United
States, Japan, and some EU countries for aquaculture, dietary supplements, cosmetic
ingredients, and other uses [2,4]. However, due to technical limitations in the production of
raw materials, the global production of natural astaxanthin is low, resulting in high market
prices [5,6], and the retail prices of nutraceutical grade astaxanthin have even reached US
$100,000 per kilogram [7].

Haematococcus pluvialis is the most competitive natural source for commercial astaxan-
thin production and the global annual production capacity is about 800 tons [8], which is
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still far behind the 10,000-ton for spirulina and 1000-ton for chlorella. The high cell death
rate during the production process is the main reason for the low productivity of H. pluvialis
astaxanthin [9,10]. The accumulation of biomass and the synthesis of astaxanthin are two
important factors that must be considered in the production of astaxanthin in H. pluvialis.
However, culture conditions suitable for rapid cell growth and culture conditions for as-
taxanthin accumulation are mutually exclusive [4]. A two-stage culture strategy is widely
adopted by H. pluvialis industry [9], because it is the most effective strategy for solving the
contradiction between cell fast growth and astaxanthin accumulation at present [11]. In
actual production, however, when the vegetative cells are transferred from the first stage
(green stage) to the second stage (red stage), a large number of cell deaths occur due to
high intensity of light in combination with nutrient depletion stress. As a result, the overall
astaxanthin productivity is very low [9]. Therefore, the reduction of cell mortality in the red
stage has become the key to increasing the overall astaxanthin production of H. pluvialis.

The cells of H. pluvialis usually go through vegetative green stage, intermediate
palmella stage and cyst stage, in which several types of cells are distinguished: motile cells,
nonmotile palmella cells, and haematocysts (aplanospores) [4]. Previous studies found
that the nonmotile cells of H. pluvialis were more tolerant to photooxidative stress than
motile cells [12]. Using nonmotile cells as the main cell type for the astaxanthin production
can significantly reduce the cell mortality and increase astaxanthin productivity in the red
stage [13]. However, there are few reports on the induction of H. pluvialis nonmotile cells
formation. In this study, we first investigated the effect of phosphorus deficiency on the
formation of nonmotile cells of H. pluvialis, and then the effect of NaCl on the formation
of nonmotile cells under the conditions of phosphorus deficiency. Our results showed
that the addition of NaCl effectively promoted the formation of nonmotile cells under the
condition of phosphorus deficiency. The work provides the most cost-efficient method for
the preparation of H. pluvialis nonmotile cells so far, and this is of great significance for
improving the production of H. pluvialis astaxanthin by using cell regulation technology.

2. Results

2.1. The Effect of Phosphorus Deficiency on the Formation of Nonmotile Cells of H. pluvialis

As shown in Figure 1, the total number of cells and the number of nonmotile cells in
the two experimental groups both showed a trend of increasing with time. After 9 days of
cultivation, the total number of cells and nonmotile cells in the two groups both reached the
maximum value. The total number of cells in the control group reached 147.5 × 104 cells mL−1,
which was about 59% higher than that in the P-deficiency group. The maximum number of
nonmotile cells in the P-deficiency group was 37.5 × 104 cells mL−1, which was 4.17 times that
of the control group. We also calculated the daily percentage growth rate of nonmotile cells,
and the results showed that the percentage growth rate of nonmotile cells under phosphorus
deficiency condition increased by an average of about 4.5% per day, which was 6.7 times that
under normal conditions, indicating that phosphorus deficiency can significantly promote the
formation of H. pluvialis nonmotile cells.

As shown in Figure 2 and Table 1, after 9 days of phosphorus deficiency treatment,
more than 40% of the motile cells have been transformed into nonmotile cells. During this
process, red pigmentation due to astaxanthin accumulation appears towards the center
of nonmotile cells. By comparison, most of the cells in the control group are still motile
cells in green color, with only about 6% nonmotile cells. In addition, some dead cells were
observed in P-deficiency group and the cell mortality reached 9.4%, which was about 5.5%
higher than that of the control group, indicating that phosphorus deficiency can increase
the cell death rate.
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Figure 1. Changes on the total cell number (a) and nonmotile cells number (b) of H. pluvialis in control- and P-deficiency
treatment group. The results were presented as mean + SD.

 
Figure 2. The cell morphology of H. pluvialis on day 0 and day 9 in control- and P-deficiency
treatment groups.

Table 1. The percentage of nonmotile cells, daily percentage growth rate of nonmotile cells, and cell mortality of control-
and P-deficiency treatment groups.

Parameters Control Group P-Deficiency Treatment

The percentage of nonmotile cells (%) 6.1 40.5

Daily percentage growth rate of nonmotile cells (% day−1) 0.67 4.50

Cell mortality (%) 3.9 9.4

2.2. The Effect of Adding NaCl on the Formation of Nonmotile Cells under Phosphorus
Deficiency Condition

Under phosphorus deficiency conditions, adding different concentrations of NaCl
has significant effects on the growth, cell morphology, nonmotile cells formation rate, and
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cell mortality of H. pluvialis. As shown in Figure 3a, the total number of cells in both 0.1%
NaCl and 0.4% NaCl treatment groups increased first, followed by a decrease, and then
increased again. The total number of cells in the 0.2% NaCl treatment group also showed
this trend. After 72 h of treatment, the total number of cells in the 0.1% NaCl and 0.2%
NaCl treatment groups reached the maximum value, which were 75.0 × 104 cells mL−1

and 70.0 × 104 cells mL−1, respectively. The maximum total cell number in the 0.4% NaCl
treatment group appeared at the 12th h, and the value was 69.25 × 104 cells mL−1.

Figure 3. Changes on the total cell number (a) and nonmotile cells number (b) of H. pluvialis in 0.1%, 2%, and 0.4% NaCl
treatment groups. The data at 61 h and 72 h in the 0.4% NaCl treatment group are not shown due to cell adhesion has
affected the accurate determination of cell number. The results were presented as mean + SD.

It can be seen from Figure 3b that the number of nonmotile cells in the 0.1% NaCl
and 0.2% NaCl treatment groups showed a rapid increase after 23 h of treatment. After
72 h of treatment, the number of nonmotile cells in the 0.1% NaCl treatment group reached
61.25 × 104 cells mL−1, which was about 11.4% higher than that in the 0.2% NaCl treatment
group. The increase of nonmotile cells number in the 0.4% NaCl treatment group was the
fastest among the three groups within 36 h of treatment, and then the increase rate slowed
down. After 47 h of treatment, cell adhesion occurred in the 0.4% NaCl treatment group
and accompanied by a large number of cell deaths, which made it impossible to accurately
determine the cell number. Therefore, the data of the 0.4% NaCl treatment group at 61 h
and 72 h were not shown in Figure 3.

As shown in Figure 4 and Table 2, after 72 h of treatment, 81.7% of the motile cells in
the 0.1% NaCl treatment group had been transformed into green nonmotile cells, the daily
percentage growth rate of nonmotile cells reached 27.2% day−1, and the cells was in good
shape. In the 0.2% NaCl treatment group, after 36 h of treatment, the cell color gradually
changed from green to orange-green due to the accumulation of carotenoids. After 72 h of
treatment, 78.6% of the motile cells transformed into nonmotile cells. The daily percentage
growth rate of nonmotile cells was 26.2% day−1, and 3.4% of the cells died due to stress.

When the concentration of NaCl added to the phosphorus deficiency medium reached
0.4% (w/v), it was observed that some cells were damaged after 23 h of treatment. After
36 h of treatment, carotenoids began to accumulate inside the cells. After treatment for
47 h, cell adhesion occurred and over 38% of the cells died (Table 2). By comparison, the
cell mortality in 0.1% NaCl and 0.2% NaCl treatment groups were only 1.8% and 3.4%,
indicating that high concentrations of NaCl can significantly increase cell mortality rate.
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Figure 4. Morphological changes of H. pluvialis cells in 0.1%, 0.2%, and 0.4% NaCl treatment groups. The damaged or dead
cells are indicated by arrows.

Table 2. The percentage of nonmotile cells, daily percentage growth rate of nonmotile cells, and cell mortality in 0.1, 0.2,
and 0.4 NaCl treatment groups.

Parameters 0.1% NaCl 0.2% NaCl 0.4% NaCl

The percentage of nonmotile cells (%) 81.7 1 78.6 1 59.1 2

Daily percentage growth rate of nonmotile cells (% day−1) 27.2 26.2 29.5

Cell mortality (%) 1.8 2 3.4 3 38.2 2

1 Obtained after 72 h of treatment. 2 Obtained after 47 h of treatment. 3 Obtained after 61 h of treatment.

3. Materials and Methods

3.1. Algal Strain and Culture Conditions

H. pluvialis CCMA-451 was obtained from the Center for Collections of Marine Algae
in Xiamen University, China. The motile cells were grown photoautotrophically at 20 μmol
photons m−2 s−1 in liquid Bold Basal Medium (BBM) with 3 times NaNO3.

The 5-day-old green motile cells were collected by centrifugation (2000 rpm, 2 min),
and transferred into a fresh phosphorus-free BBM medium at an initial optical density of
0.5 (OD680). Then NaCl was added to the cultures to adjust the concentrations to 1%, 2%,
and 4% (m/v). All experiments were performed in triplicate in a 1-L glass columns (inner
diameter 5 cm) at 25 ± 1 ◦C under continuous illumination (30 μmol photons m−2 s−1) for
3 days. Culture mixing was provided continuously by bubbling of filtered air enriched
with 1.5% (v/v) CO2 at a flow rate of 100 mL min−1.

3.2. Morphological Observation

The morphological changes of the algal cells were observed using a Leica DM750 light
microscope (Leica Microsystems, Wetzlar, Germany) and photos were taken with a Leica
ICC50 W camera (Leica Microsystems, Wetzlar, Germany).

3.3. Determination of Cell Number

The samples were fixed with Lugol’s iodine solution first. Then, cell numbers were
counted using a Neubauer improved cell counting chamber under Leica DM750 light
microscope and measured as cells mL−1.
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The daily percentage growth rate of nonmotile cells (% day−1) was calculated
as follows:

Daily percentage growth rate of nonmotile cells
(

% day−1
)
=

CNt
CTt

× 100%

t
(1)

where CNt and CTt were the nonmotile cells number and total cells number on day
t, respectively.

3.4. Statistical Analysis

Statistical analysis was performed with the SPSS for Windows statistical software
package (IBM SPSS v22.0, Inc., 2010; Chicago, IL, USA). The difference was considered
significant when p < 0.05 and the results were presented as mean + SD.

4. Discussion

The goal of improving the cultivation technology of H. pluvialis is to maximize the pro-
duction of biomass and astaxanthin. Achieving cell growth and astaxanthin accumulation
simultaneously under the same cultural conditions is difficult. The major reason for this is
that the rapid growth of H. pluvialis requires favorable environmental conditions [14–16]
and the accumulation of astaxanthin requires unfavorable cultural conditions [11,17–19].
The two-stage cultivation strategy has effectively solved the contradiction between cell
growth and astaxanthin accumulation. However, it fails to solve the high cell mortality
during the red stage, so this technology still has a lot of room for improvement.

Previous studies have confirmed that the motile cells are susceptible to photooxidative
stress and tend to die under high intensity of light conditions [9,12,20]. Compared with
motile cells, nonmotile cells with thick cell walls are not only more tolerant to stress [12], but
also more effectively use chemical energy accumulated during cell transformation to rapidly
synthesize and accumulate astaxanthin under stress conditions [12,21,22]. Li et al. [20]
suggested that using nonmotile cells as the dominant cell type in the red stage can reduce
cell mortality more than 70%, while biomass and astaxanthin content can increase up to
2.12 times and 3.5 times, respectively. Therefore, by inducing motile cells to transform into
nonmotile cells with more tolerance and astaxanthin accumulation ability before entering
the red stage, the problem of high cell mortality is expected to be effectively solved.

The formation of nonmotile cells of H. pluvialis is accompanied by encystment, which
is considered to be a self defense mechanism [22–24]. Previous studies have shown that the
encystment of H. pluvialis may be related to carbon assimilation [23,25] and phosphorus
plays a key role in photosynthetic carbon assimilation [26]. The phosphate translocator is
an important structure in the chloroplast membrane, which can transport triose phosphate
(the first sugar produced in photosynthesis) produced during the Calvin cycle to the
cytoplasm for the synthesis of sucrose, and at the same time transport the released inorganic
phosphate (Pi) to chloroplast matrix. When phosphorus is deficient, the Pi exchanged
with triose phosphate decreases, resulting in a reduction of Pi in the chloroplast and a
decrease in the ATP/ADP ratio, which affects the transport in the C3 pathway and the
progress of related reactions, thereby reducing the photosynthetic rate. At the same time,
triose phosphate is converted into starch due to phosphorus deficiency and stored in
the chloroplast. The reduction of triose phosphate transported from the chloroplast to
the cytosol further affects the synthesis of sucrose, thereby inhibiting the photosynthesis
of algae and promoting the formation of encystment [14] to maintain the cell integrity,
structure, and function. Although phosphorus deficiency can promote the formation of
nonmotile cells, the efficiency is low. According to our results, the addition of NaCl under
phosphorus deficiency conditions significantly promotes the formation of nonmotile cells.
It made the daily percentage growth rate of nonmotile cells increase from 4.5% to more
than 26%. We speculate that NaCl promotes the formation of nonmotile cells under the
condition of phosphorus deficiency owing to the following reasons. (1) The increase of
NaCl concentration affects the oxygen metabolism in algal cells, accelerates the production
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of reactive oxygen species (ROS), and reduces the function of the scavenging system, which
leads to the accumulation of ROS in the cells. (2) Higher salinity increases the osmotic
pressure and promotes loss of water from cells, thereby affecting the normal metabolic
activities of the cells. (3) The increase of NaCl concentration affects the ion homeostasis
in the cells, thereby causing nutritional stress. Thus, it is necessary to carry out further
physiological and biochemical studies.

We have to point out that we did not use algae cultured without NaCl for 72 h as a
control. However, it doesn’t seem to affect our conclusion that adding NaCl to phosphorus-
deficiency medium can significantly promote the formation efficiency of H. pluvialis non-
motile cells. We have also determined the most efficient induction method (synergistic
induction by phosphorus deficiency and 0.1% NaCl) of nonmotile cells. After three days of
cultured under the optimal conditions developed in this study, more than 80% of motile
cells transformed into nonmotile cells. The astaxanthin production efficiency of these non-
motile cells should be evaluated by extraction and HPLC in future. This will be profitable
for the Haematococcus industry.
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Abstract: Photooxidative stress-inducible water-soluble astaxanthin-binding proteins, designated as
AstaP, were identified in two Scenedesmaceae strains, Coelastrella astaxanthina Ki-4 and Scenedesmus obtusus
Oki-4N; both strains were isolated under high light conditions. These AstaPs are classified as a novel
family of carotenoprotein and are useful for providing valuable astaxanthin in water-soluble form;
however, the distribution of AstaP orthologs in other microalgae remains unknown. Here, we exam-
ined the distribution of AstaP orthologs in the family Scenedesmaceae with two model microalgae,
Chlamydomonas reinhardtii and Chlorella variabilis. The expression of AstaP orthologs under photooxida-
tive stress conditions was detected in cell extracts of Scenedesmaceae strains, but not in model algal
strains. Aqueous orange proteins produced by Scenedesmaceae strains were shown to bind astaxanthin.
The protein from Scenedesmus costatus SAG 46.88 was purified. It was named ScosAstaP and found to bind
astaxanthin. The deduced amino acid sequence from a gene encoding ScosAstaP showed 62% identity
to Ki-4 AstaP. The expression of the genes encoding AstaP orthologs was shown to be inducible under
photooxidative stress conditions; however, the production amounts of AstaP orthologs were estimated to
be approximately 5 to 10 times lower than that of Ki-4 and Oki-4N.

Keywords: astaxanthin; Scenedesmus; Coelastrella; carotenoprotein; astaxanthin-binding protein

1. Introduction

Under the unfavorable conditions combined with high light irradiation, photosyn-
thetic organisms feel photooxidative stress [1,2]. Plants are known to use carotenoids to
dissipate excess light energy. Carotenoids are distributed in many organisms, such as
chloroplasts of plants and algae, animal skins, and fish eggs, and more than 800 natural
carotenoids have been identified [3]. They are hydrophobic; however, only a few are known
to be water-soluble by binding proteins. Water-soluble carotenoproteins have been identi-
fied, such as astaxanthin-binding crustacyanin from crustaceans [4,5], zeaxanthin-binding
GSTP1 (glutathione S-transferase like protein) from the human eye [6], lutein-binding pro-
tein from silkworm [7], cyanobacterial orange carotenoid protein (OCP) [8], and eukaryotic
microalgal AstaP (astaxanthin binding protein) [9,10]. These water-soluble carotenopro-
teins did not show structural relationships with each other [9].

In photosynthetic organisms, water-soluble carotenoproteins (WSCPs) have been well
characterized in cyanobacteria named orange carotenoid protein (OCP) [8,11,12]. In our
previous study, two types of novel WSCPs were identified from the eukaryotic microalgae,
Coelastrella astaxanthina Ki-4 and Scenedesmus obtusus Oki-4N [9,10]. These two strains
were shown to produce novel astaxanthin-binding water-soluble proteins. Both AstaPs
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belonged to the fasciclin protein family. This family is characterized as secreted and cell
surface proteins; however, to our knowledge, none of the proteins have been reported to
bind lipids, including carotenoids. Based on the photooxidative stress inducible profiles
and the potent activities toward 1O2 quenching with astaxanthin binding, these novel
types of astaxanthin-binding proteins are proposed to be involved in a unique function of
photooxidative stress protection in plants. In this study, we investigated the distribution
and characteristics of WSCPs in taxonomically related Scenedesmaceae strains.

2. Results

2.1. Effect of Photooxidative Stresses on the Tested Strains

Scenedesmaceae strains were obtained from culture collections, as described previ-
ously [11]. S. obtusus and C. striolata were selected because they are the type species of the
genera Scenedesmus and Coelastrella, respectively. Other strains were chosen as the relatively
well-used research strains in the genus Coelastrella. According to the locality information in
the literature, these strains were isolated from non-stressed environmental conditions, such
as lakeside and peat bog [13]. The test strains showed good growth in the medium used for
the Ki-4 and Oki-4N strains [10]; therefore, these strains were subjected to photooxidative
stress after growing under non-stressed conditions.

Strains Ki-4 and Oki-4N showed the optimum expression level of AstaP when they
were grown under 0.7 M and 0.5 M NaCl stress with high light exposure conditions
(800 μmol photons m−2 s−1), respectively, where the color of cells changed from green to
orange [9,10]. The tested Scenedesmaceae strains’ cell color turned from green to white
under the same stress conditions as Ki-4; therefore, we examined the upper limits of salt
concentrations for each strain under the same high light intensity. Figure 1 shows the
change in cell color of the strains after one to two weeks from the start of stress treatments
using the upper limit of salt concentrations for each strain under high light exposure
conditions. S. obtusus and S. obliquus turned green to white under 0.3 M NaCl and 0.25 M
NaCl with high light exposure conditions; therefore, these strains were stressed by 0.25 M
and 0.2 M NaCl, respectively, under the high light exposure conditions. Other strains were
stressed with 0.5 M NaCl (for C. vacuolata) or 0.4 M NaCl (for S. costatus and C. striolata)
with high light exposure.

A 1.0 g aliquot of wet cells stressed by salt with a high light exposure was suspended
in 9.0 mL of 50 mM Tris-HCl buffer, pH 7.5. Cells were broken by a bead beater instrument,
and the aqueous supernatants were obtained after ultracentrifugation. Strain Ki-4 and Oki-
4N produced orange supernatants with broad absorption peak at 484 nm (Table 1) [9,10].
Except for S. obliquus, the test strains produced pale orangish or yellowish supernatants.
The color of aqueous supernatants from the Scenedesmaceae strains were difficult to detect;
therefore, the supernatants were concentrated by using a protein concentrator, and the
colors and the absorption spectrum for each strain were shown in Figure 2. The amount of
pigment produced per aliquot of cells from each test strain was estimated to be less than
5–10 times lower than that of Ki-4 and Oki-4N (Table 1).

These orange supernatants were passed through gel-filtration column chromatogra-
phy, and two major peaks were detected (Figure 3). The first peaks from each test strain
were detected around the HPLC retention time of 18 min, which were estimated to have
a molecular weight greater than 670 kDa, and the absorption peaks were observed at
approximately 454, 484, and 674 nm. These data indicated that the first peaks contained
chlorophyll, which resembled that of the first peak of the strain Oki-4N described in our
previous study [10]. The second major peak in each strain was detected at the HPLC
retention time of 28 min (S. obtusus) or 30–35 min, which showed a broad absorption
peak at 484 nm. In our previous study, AstaP orthologs were classified into two groups:
glycosylated large-sized AstaPs and non-glycosylated small-sized AstaPs. The difference
in the second peak retention time indicated variations in molecular weight among the
test strains.
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Figure 1. Survival of test strains under salt stress conditions with high light exposure. Salt concentra-
tions for each test strains were decided based on the upper limit of salt concentrations with high light
(w/HL, 800 μmol photons m−2 s−1). Each test strain was cultivated under non-stressed conditions
and stressed by adding salt w/HL for one to two weeks as described in Materials and Methods.

Table 1. Measurements of the amount of aqueous pigments after ultracentrifugation of cell extracts.

Species and Strain Stress Conditions (with/ HL) OD480 (1 g Wet Cell/10 mL) Reference

Coelastrella astaxanthina Ki-4 0.7 M NaCl 1.3 [9]
Scenedesmus obtusus Oki-4N 0.5 M NaCl 1.0 [10]

Coelastrella striolata SAG 16.95 0.4 M NaCl 0.14 This study
Coelastrella vacuolata SAG 211-8b 0.5M NaCl 0.12 This study
Scenedesmus costatus SAG 46.88 0.4 M NaCl 0.16 This study

Scenedesmus obliquus SAG 276-3a 0.2 M NaCl 0.02 This study
Scenedesmus obtusus SAG 52.80 0.25 M NaCl 0.15 This study

Chlamydomonas reinhardtii NIES-2238 0.2 M NaCl 0.04 This study
Chlorella variabilis NIES-2540 0.4 M NaCl 0.33 This study
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Figure 2. Absorption spectrum and the color of aqueous cell extracts. Aqueous cell extracts from photooxidative stressed
cells were obtained after ultracentrifugation and concentrated by using a protein concentrator. ×1, ×10, ×20 means the rate
of concentration by using a protein concentrator.
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Figure 3. Separation of carotenoid pigments by gel-filtration column chromatography. Aqueous cell extracts obtained after
ultracentrifugation were loaded into the gel-filtration column chromatography.

The protein fractions from the second peak in each test strain were collected, and
the binding pigments were extracted as described previously [9,10]. The elution profiles
were compatible with those from the strains Ki-4 and Oki-4N (Figure 4), and the pigments
from each strain were identified to be astaxanthin and adonixanthin based on C18-HPLC
retention time and absorption spectrum. These results indicated that the test strains also
produced AstaP-like water-soluble proteins under the photooxidative stress conditions.

2.2. Effect of Photooxidative Stress Response on Model Microalgae

In our previous study, AstaP orthologs are found in the genome annotation data
of Chlamydomonas reinhardtii and Chlorella variabilis [8]. In this study, we analyzed the
production of aqueous pigments from two strains under photooxidative stress conditions.
Cmy. reinhardtii and Crl. variabilis turned green to white under 0.25 M and 0.5 M NaCl
conditions with high light intensity, respectively. Therefore, photooxidative stresses were
archived under 0.2 M and 0.4 M NaCl, respectively, with high light for six days. The cell-free
extracts from photooxidative-stressed cells were obtained by a bead beater, ultracentrifuged,
and their color was pale yellow. A yellow fraction was detected using gel filtration HPLC
of the aqueous supernatant at 18 min in Crl. variabilis but not in Cmy. reinhardtii. The yellow
fraction of Crl. variabilis showed absorption peaks at 454, 484, and 674 nm, indicating the
presence of chlorophyll-binding protein similar to that of other Scenedesmaceae strains.
These data suggested that the production of aqueous carotenoid-binding protein was not
detectable in these model microalgae.
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Figure 4. C18-HPLC elution profiles of the binding carotenoids from the collected Peak2 fractions
after gel filtration column chromatography. Ax, astaxanthin; Ad, adonixanthin; Lt, lutein; and
Ca, canthaxanthin.
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2.3. Purification and Characterization of Water-Soluble Astaxanthin-Binding Protein from
S. costatus SAG 46.88

In order to characterize the existence of AstaP orthologs in the test strains, we chose
S. costatus for further purification of astaxanthin binding protein because of its relatively
high expression level (Table 1). The aqueous orange fraction obtained by gel-filtration
column chromatography from the stressed S. costatus CFE was further purified by isoelectric
focusing. An orange band that migrated to the position corresponding to pI 9 was detected
(Figure 5A), and the purity of the excised orange protein band was determined by SDS-
PAGE (Figure 5B). A single band appeared as an apparent molecular mass of 27 kDa, and
the N-terminal amino acid sequence was determined to be AVPEAKTT, which showed
partial homology to the N-terminal sequence of Ki-4-AstaP (ATPKANAT). The binding
pigments of the purified protein by isoelectric focusing were analyzed by C18-HPLC
and were astaxanthin and adonixanthin, which were identical to those of Ki-4 AstaP [9];
therefore, we named this protein ScosAstaP.

Figure 5. Purification and characterization of AstaP from S. costatus. (A) isoelectric focusing of aqueous pigments. The circle
indicates the migrated orange bands after the electrophoresis; (B) the migrated orange band in A excised and electrophoresed
by SDS-PAGE. The purified protein is shown by an arrow. Molecular mass standards are shown (kDa); (C) two-dimensional
electrophoresis of the total proteins of S. costatus. S. costatus was cultivated under high light conditions and subjected to
0.4 M NaCl for six days. An arrow indicates the excised spot for N-terminal sequencing.

Two-dimensional polyacrylamide gel electrophoresis (2D PAGE) was performed to
detect the photooxidative stress-inducible spots in S. costatus, and a large spot was detected
in the area of alkaline pI after exposure to salt stress with high light (Figure 5). The N-
terminal amino acid sequence (AVPEAKTT) from the large spot coincided with that of the
purified protein. These results indicated that the orange protein was an AstaP ortholog
inducible under the photooxidative stress conditions.

2.4. AstaP Ortholog in S. costatus Is a Fasciclin-Like Glycosylated Protein

To obtain the gene encoding ScosAstaP, a cDNA library was constructed from the
stressed S. costatus mRNA. The gene encoding the N-terminal amino acid sequence was
found in the de novo sequencing data of the cDNA library, and the full-length cDNA was
obtained by PCR using the S. costatus cDNA library as a template. The deduced amino
acid sequence from a gene encoding ScosAstaP showed 62% identity with Ki-4 AstaP
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(Figure 6A). Bioinformatics analyses revealed that ScosAstaP conserved 20 amino acid
residues of the N-terminal hydrophobic signal sequence and two fasciclin-like H1 and
H2 domains. These protein primary structures are similar to Ki-4-AstaP; however, only
one putative N-glycosylation Asn-x-Thr site was detected in ScosAstaP compared to the
five sites in Ki-4 AstaP (Figure 6A). The calculated molecular mass of the mature protein
deduced from ScosAstaP cDNA, excluding 20 amino acid residues of the N-terminus signal
peptide, was 21.4 kDa. The reason for the difference of calculated molecular weight and
the measured molecular weight (apparent molecular weight from SDS-PAGE was 27 kDa)
is supposedly due to the glycosylation of ScosAstaP like as Ki-4 AstaP (Ki-4 AstaP was
21.2 kDa of the calculated molecular mass and the apparent molecular weight from SDS-
PAGE was 33 kDa). Northern blot analysis indicated that the gene encoding ScosAstaP
was inducible by photooxidative stress (Figure 7).

Figure 6. Structural comparison of Ki-4 AstaP and S. costatus AstaP orthologs. (A) comparison of the deduced amino acid
sequences of Ki-4 AstaP and ScosAstaP. N-terminal signal peptides are shown in red font. The experimentally detected
N-terminal sequence is highlighted in green. Potential sites for N-linked glycosylation are boxed (black: Ki-4 AstaP, red:
ScosAstaP); (B) C18-HPLC elution profile of the binding carotenoids from purified Ki-4 AstaP [9] and the purified ScosAstaP.
Ax, astaxanthin; Ad, adonixanthin; Lt, lutein; and Ca, canthaxanthin.
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Figure 7. Northern blots of total RNA probed with the gene encoding AstaP orthologs from S. costatus, C. vacuolata,
Cmy. reinhardtii, and Crl. variabilis. Strains were cultivated under photooxidative stress conditions. 0, just before the start of
stress, 1–2, after one and two days of stress. Gene accession numbers are shown in parentheses. Ethidium-bromide staining
of the ribosomal RNA (rRNA) to confirm the equal loading is shown below the autoradiogram.

2.5. Identification of AstaP Orthologs in C. vacuolata and Two Model Microalgae

C. vacuolata showed two peaks of astaxanthin-binding protein by gel-filtration chro-
matography (Figure 3); therefore, the presence of two types of AstaP orthologs was pre-
dicted. Two cDNA sequences that encode AstaP orthologs were found in the cDNA
sequence data from the photooxidative-stressed C. vacuolata cDNA library. Both full-
length cDNA clones were amplified by PCR, and nucleotide sequences were confirmed.
The deduced amino acid sequence indicated that C. vacuolata possesses two types of
AstaP orthologs. These two proteins showed different pI (calculated pI were 6.7 and 9.7),
and we named them CvacAstaP1 and CvacAstaP2, respectively. Both orthologs possess
N-glycosylation sites and N-terminal hydrophobic signal peptides for cell surface secre-
tion, and they showed 44% identity with each other (Supplementary Figures S1 and S2).
ScosAstaP1 had ten putative N-linked glycosylation sites, whereas ScosAstaP2 had only
two putative N-glycosylation sites. The number of N-glycosylation sites was expected to
affect the difference in molecular weight detected by gel-filtration column chromatography,
as shown in Figure 3.

AstaP orthologs were found in the model algae Cmy. reinhardtii and Crl. variabilis, and
phylogenetic analysis was performed in our previous study. Both cDNAs were amplified
by PCR and confirmed the coincidence of the deduced amino acid sequence in the database
(Supplementary Figure S1). To determine the gene expression profiles of AstaP orthologs
in model algae and C. vacuolata, the genes encoding Cmy. reinhardtii, Crl. variabilis, and
two AstaP orthologs from C. vacuolata were amplified and analyzed these expression
profiles by Northern blot analysis. Both AstaP orthologs were induced by photooxidative
stress treatments.

The Scenedesmus actus AstaP ortholog was identified as a translation product of a
gene induced by Cr stress [14], but its binding of astaxanthin has not been determined.
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Phylogenetic analysis revealed that the AstaP orthologs were classified into three groups:
glycosylated basic pI, glycosylated acidic pI, and non-glycosylated acidic pI (Figure 8).

Figure 8. Neighbor-joining phylogenetic tree of the deduced sequence of the AstaP orthologs. A livewort homologue
(Marchantia_polym: Marchantia polymorpha) was used as an outgroup. Chlamydomonas rein: Chlamydomonas reinhardtii,
Chlolella_vari: Chlorella variabilis, Monoraphidium_negl: Monoraphidium neglectum, Scenedesmus_acut: Scenedesmus acutus,
Botryococcus_bra: Botryococcus braunii, Coccomyxa_sub: Coccomyxa subellipsoidea, Fragilariopsis_cyl: Fragilariopsis cylindrus,
Chrysochromulina sp: Chrysochromulina tobinii, Phaeodactylum_trico: Phaeodactylum tricornutum, Volvox_carteri:
Volvox carteri, and Galdieria_sulph: Galdieria sulphuraria. Accession numbers for each protein are shown in parenthe-
ses. The bootstrap values >50 are indicated at the branch points.

3. Discussion

In this study, we investigated the distribution of AstaP orthologs from Scenedes-
maceae strains. Although AstaP proteins have not been identified except strains that
were isolated under high light conditions in our previous study, new AstaP orthologs
from Scenedesmaceae strains were identified in the strains from culture collections. All
the AstaP orthologs commonly conserved H1 and H2 fasciclin domains and N-terminal
hydrophobic signal peptide for secretion; however, the number of glycosylation sites,
pI, and molecular weights were found to vary depending on the strain (Supplementary
Figure S1). Cmy. reinhardtii and Crl. variabilis were shown to possess photooxidative stress
inducible AstaP orthologs; however, we could not detect the expression of water-soluble
carotenoproteins in both strains. Further analysis will be needed to make the function of
these gene products clear including their possibilities for carotenoid binding.

Scenedesmaceae strains from the culture collection were isolated under non-stressful condi-
tions, such as in lake (S. costatus) [15], bark (C. vacuolata) [16], and peat bog (C. striolata) [13,17,18].
All the test strains, except S. obliquus, were found to express astaxanthin-binding water-soluble
protein under the experimental conditions in this study; however, the amounts of production
were estimated to be low compared to those of the Ki-4 and Oki-4N. We conclude that AstaP is
widely distributed in Scenedesmaceae, and the expression levels of AstaP may correlate with the
ability of photooxidative stress tolerance of each strain.

In conclusion, although the functional differences among these AstaP orthologs remain
unclear, the presence or absence of glycosylation, the difference in pI, and the presence or
absence of signal peptide for secretion may reflect the subcellular localization of AstaPs. In
our previous study, Ki-4 AstaP, which is classified as a glycosylated basic pI group, was
predicted to be localized at the cell surface [9,19]. On the other hand, Oki-4N AstaP-pinks,
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which were classified as a non-glycosylated acidic pI group, were suggested to be localized
at the endoplasmic reticulum or vacuole but not at the cell surface based on the fluorescent
microscopic analysis [10]. Further characterization of AstaP orthologs will clarify the
distribution, localization, and specific functions under the photooxidative stress conditions.

4. Materials and Methods

4.1. Microalgal Strains and Growth Conditions

Scenedesmaceae strains were obtained from culture collection center as previously
described [13]. Strain Ki-4 and Oki-4N were isolated in our laboratory as previously de-
scribed [9,10]. Scenedesmus sp. Oki-4N was named to Scenedesmus obtusus Oki-4N based
on a high similarity of homology score of 18S rDNA and ITS2 sequence with the morpho-
logical identity with Scenedesmus obtusus as previously described [10]. The strain name
Coelastrella vacuolata (synonym: Chlorella fusca var vacuolata = Scenedesmus vacuolatus =
Graesiella vacuolata) [13,16,18,20] was used in this study. The composition of the modified
A3 medium was the same as previously described [9,10]. Algal strains were cultivated
in A3 medium with a 16h/8h light/dark regime at 26 ◦C under low light conditions
(60 μmol photons m−2 s−1) as previously described [18]. Photooxidative stress was in-
duced by the addition of sterilized NaCl when the growth reached an OD750 value of
1.0 cm−1 under conditions of high light exposure (~800 μmol photons m−2 s−1) as previ-
ously described [9,10]. Cells did not change color to orange under high light conditions
(800 μmol photons m−2 s−1) without salt, or low light conditions with salt.

4.2. Gel Filtration Column Chromatography

The water-soluble astaxanthin binding protein fractions were obtained by gel filtration
column chromatography as previously described. Briefly, stressed cells were harvested,
and 1.0 g of stressed wet cells were suspended in 9.0 mL of 50 mM Tris-HCl buffer at pH
7.5. Cells were broken by a multi-beads shocker (Yasui Kikai, Osaka, Japan), dissolved
in Tris-buffer pH 7.5. Cell extracts (CFEs) were ultracentrifuged at 100,000× g for 2 h to
remove cell debris and lipids. The CFEs were passed through a Sephacryl S-200 HR gel
filtration column at a flow rate of 1.0 mL/min (1.6 × 60 cm, GE Healthcare, Chicago, IL,
USA). The elution profiles were monitored using a photodiode array detector LaChrome
Elite software (Hitachi Ltd., Tokyo, Japan), and fractions of orange eluates were collected.
Proteins were concentrated by using Amicon Ultra (Merck, Darmstadt, Germany).

4.3. Pigment Extraction and Identification

The binding pigments of water-soluble carotenoprotein were extracted using the
Bligh–Dyer method as previously described [9,10,19,21]. Pigments were extracted with
methanol: chloroform: H2O = 12:5:3 by gentle mixing in a tube. After the addition of
chloroform and water (2:3), the organic phase was obtained and evaporated to dryness
under N2 gas. The extracted pigments were completely dissolved in acetone and ana-
lyzed by C18-HPLC (CAPCEL PAK C18 reversed-phase column, 150 × 4.6 mm, flow rate
1.0 mL/min). The pigment was identified based on the absorption spectra obtained using
an HPLC photodiode array detector, HPLC retention times, and molecular masses from
high-resolution LC/MS analysis in comparison with those of standard compounds.

4.4. Purification of the Water Soluble Astaxanthin Binding Protein

The water-soluble astaxanthin binding protein of S. costatus was purified by isoelectric
focusing. Isoelectric focusing was performed horizontally with Maltiphor II (GE Healthcare,
Chicago, IL, USA). Migrated orange band was excised and electrophoresed by SDS-PAGE.
As standard markers, Precision Plus ProteinTM standard kit (Bio-Rad, Berkeley, CA, USA)
was used.
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4.5. Determination of Peptide Sequence

The N-terminal amino acid sequence was determined by the Edman degradation
method using a PPSQ30 peptide sequencer (Shimadzu, Tokyo, Japan) as previously de-
scribed [9]. Target protein band was obtained using a transferred protein on a PVDF
membrane stained with Coomassie Brilliant Blue and digested with trypsin (Promega,
Madison, WI, USA).

4.6. Isolation of RNA and Construction of a cDNA Library

Isolation of RNA and construction of a cDNA library were performed as previously
described [9,10]. To prepare a cDNA library, S. costatus and C. vacuolata cells that were
subjected to NaCl stress under high light stress and total RNA were extracted with Trizol
reagent (Invitrogen, Waltham, MA, USA). Poly(A)+ mRNA was isolated from total RNA
and used to generate a full-length cDNA library with a Smart-Infusion PCR cloning system
(Clontech, Palo Alto, CA, USA). The cDNA libraries were sequenced using the Illumina
HiSeq 2500 system (Illumina, San Diego, CA, USA) and assembled de novo sequence by
CLC Genomics Workbench (Qiagen, Hilden, Germany).

4.7. Bioinformatics

Bioinformatic analyses were performed as previously described [9,10]. Briefly, database
searches for sequence homology were performed using the programs BLASTp (http:
//www.ncbi.nlm.nih.gov/BLAST/, accessed on 19 June 2021) and FASTA (http://www.
genome.jp/tools/fasta/, accessed on 19 June 2021) set to standard parameters. The puta-
tive cell localization of AstaP was predicted using PSORT (http://psort.hgc.jp/form.html,
accessed on 19 June 2021), SignalP (http://www.cbs.dtu.dk/services/SignalP/, accessed
on 19 June 2021) and TargetP (http://www.cbs.dtu.dk/services/TargetP/, accessed on
19 June 2021). The O-linked glycosylation of Ser and Thr residues was predicted by
the program NetOGlyc 3.1 (http://www.cbs.dtu.dk/services/NetOGlyc/, accessed on
19 June 2021). The N-linked glycosylation site was predicted by the program NetNGlyc 1.0
(http://www.cbs.dtu.dk/services/NetNGlyc/, accessed on 19 June 2021). The isoelectric
point (pI) and molecular mass were predicted by GENETYX-MAC software (GENETYX
Corporation, Tokyo, Japan).

4.8. Northern Hybridization

Northern hybridization was performed as previously described [9,10]. Briefly, total
RNA was isolated using TRIzol (Invitrogen, Waltham, MA, USA) from the cells that were
harvested at several time points after applying salt stress under high light conditions.
The total RNA (10 μg) was subjected to electrophoresis in 1.0% agarose gels, blotted onto
nylon Hybond N+ membranes (Amersham, Chicago, IL, USA) were probed with the PCR-
amplified DNA fragment encoding the target region. The identity of the amplified DNA
fragment was confirmed by size and nucleotide sequence. The RNA was pre-hybridized at
60 ◦C for 30 min, and the 32P-labeled DNA probe was hybridized to RNA on the membrane
at 60 ◦C for 12 h.

4.9. Two-Dimensional Electrophoresis

Two-dimensional electrophoresis was performed as previously described [9,10]. Un-
treated S. costatus cells and exposed to 0.4 M NaCl stress under high light conditions were
harvested and promptly frozen in liquid nitrogen. Proteins of several samples were sedi-
mented by acetone, and the protein pellet was dried in vacuo. Dried pellet was dissolved
in a two-dimensional (2D) electrophoresis sample buffer containing 8 M urea, 30 mM DTT,
2% (v/v) Pharmalyte 3–10 (Pharmacia), and 0.5% Triton X-100. Both isoelectric focusing
(IEF) and SDS-PAGE were performed horizontally with Maltiphor II (Pharmacia, Peapark,
NJ, USA). For electrophoresis, 40 μg of total protein was loaded onto gels. For detection,
the gels were silver-stained with a Silver Staining Kit (Invitrogen).
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md19060349/s1, Figure S1: The deduced amino acid sequences of the AstaP orthologs.
Figure S2: Comparison of amino acid sequences among AstaP-proteins in C. vacuolata.
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Abstract: Diatoms have important ecological roles and are natural sources of bioactive compounds.
Nitzschia laevis is a member of marine diatoms that accumulates high-value products including
fucoxanthin and eicosapentaenoic acid (EPA). In this study, physiological data showed that compar-
ing to autotrophic growth, mixotrophic cultivation with glucose supplementation led to a decrease
of chlorophyll and fucoxanthin content in N. laevis, and an increase of biomass density and EPA
yield. To further examine the metabolic barriers for fucoxanthin and EPA biosynthesis, comparative
transcriptomic and metabolome analyses were conducted, with a focus on the genes related to
carotenoids biosynthesis and fatty acid metabolism. The results indicated that phytoene desaturase
(PDS) and zeta-carotene isomerase (ZISO) could be the rate-limiting enzymes in carotenoid biosyn-
thesis. The transcription regulation of 3-ketoacyl-CoA synthase (KCS) and elongation of very long
chain fatty acids protein (EVOVL) are important contributors associated with polyunsaturated fatty
acids (PUFAs) accumulation. Furthermore, we also investigated the glucose-associated regulatory
genes using weighted gene co-expression network analysis, and identified potential hub genes linked
with cell cycle, carbohydrate metabolism, purine biosynthesis, and lipid metabolism. This study
offers a high-quality transcriptome resource for N. laevis and provides a molecular framework for
further metabolic engineering studies on fucoxanthin and EPA production.

Keywords: diatom; fucoxanthin; eicosapentaenoic acid (EPA); transcriptomics; trophic transition

1. Introduction

Diatoms are important producers in the aquatic systems, as they are estimated to
undertake 20–25% of the global carbon fixation and contribute ~40% of net primary produc-
tions [1,2]. They also play important roles in taking part in the biogeochemical cycling of
silicon and carbon in the ecosystem [3]. Diatoms could grow under phototrophic conditions
using CO2 as the carbon source and light as energy. Some diatoms have developed strate-
gies in the form of mixotrophic or heterotrophic growth to utilize organic carbon sources
such as glucose, glycerol in certain niches. Diatoms are important sources of bioactive
compounds like fucoxanthin, polyunsaturated fatty acids (PUFAs), e.g., eicosapentaenoic
acid (EPA), flavonoids, phenolic compounds, as well as lipid production for biofuels [4,5].
Fucoxanthin, one of the most abundant carotenoids in diatoms, has promising applica-
tions in human health due to its antioxidant, anti-inflammatory, anticancer, anti-obesity,
antidiabetic, antiangiogenic, and antimalarial activities [6,7]. EPA, a bioactive PUFA, plays
a cardioprotective role in preventing the occurrence of cardiovascular diseases [8]. Chryso-
laminarin (β-1,3-glucan), the principal storage polysaccharide in the diatom stored in
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vacuoles, has anti-tumor bioactivity [9]. Chrysolaminarin and lipids are the two major stor-
age substances for carbon skeletons in diatoms; lipids (primarily triacylglycerols (TAGs))
are also considered as potential sources for biofuels [10].

The morphology and physiology of diatoms are distinctive to other photosynthetic
organisms, especially on their intracellular compartmentation and carbon partitioning
pathways due to its complex evolutionary history [11]. Several diatom species have
been used as research models, including a centric diatom Thalassiosira pseudonana for
silica biomineralization, and a pennate diatom Phaeodactylum tricornutum for carbohydrate
metabolism, xanthophyll cycle, and lipid metabolism [12,13]. With the advances in genomic
sequencing and multi-omics analyses, the metabolic pathways in the model diatoms are
being elucidated, and genetic engineering approaches have been developed [13–16]. One
of the challenges is that the metabolism of diatoms is complex and substantially different
among diatom species [11], therefore some questions could not be demonstrated in existing
model systems. For example, P. tricornutum is unable to assimilate glucose due to the
lack of a transporter gene [17]. Nitzschia laevis can grow under autotrophic, mixotrophic,
and heterotrophic conditions, and reach high cell density when glucose is supplemented
as the sole carbon resource [18,19]. Thus, N. laevis is likely to have unique metabolic
characteristics during the glucose-induced trophic transition. In addition, N. laevis has also
been demonstrated to be a robust industrial strain for fucoxanthin and EPA production [20],
thus it is an important organism to be investigated and further optimized for industrial.

Glucose is an important source of carbon to many organisms, it has been reported
that the assimilation of glucose has a profound impact to the gene expression pattern,
metabolic networks and cell growth in higher plants and green algae [21,22]. The physi-
ological impact of glucose assimilation to diatoms is yet clear. Previously, we found that
supplementation of glucose could induce a shift of physiological parameters, e.g., growth
rate and biomolecular composition; to elucidate the underlying molecular mechanisms
that associated with growth trophic transitions in response to glucose, we conducted
metabolomics and transcriptomics analyses, the data are presented in this work.

2. Results and Discussion

2.1. Physiological Changes in N. laevis under Glucose Addition

With the addition of glucose (+G), the cultivation shifted from autotrophy to mixotro-
phy (or pure heterotrophy), resulting in a significant increase in biomass yield in compari-
son to the control group (−G) (Figure 1A) (p < 0.01). Moreover, the cellular abundance of
fucoxanthin was decreased in mixotrophic cells after 4-day culture with glucose (Figure 1B).
In diatom, fucoxanthin and chlorophyll a/c are primary pigments in the light-harvesting
complex associated with photosystem I and II [23,24]. The decrease of both chlorophyll
(Figure 1B) and fucoxanthin content indicates a general downregulation of the photosyn-
thetic apparatus (including PSI and PSII) under glucose addition. TFA content displayed a
minor decrease on Day 4 (Figure 1C). As both lipid and carbohydrates production were
dependent on the carbon precursors and used as stored substances, the synthesis of these
biomolecules are potential competitors for carbon backbones. In microalgae, the most
abundant carbohydrate molecules are species-dependent, as that in cyanobacteria is glyco-
gen, whereas that in green algae Chlamydomonas is starch [25]. The main carbohydrate in
diatom like Phaeodactylum, is chrysolaminaran [26]. In this study, the intracellular soluble
polysaccharides, likely in the form of chrysolaminaran, were analyzed and showed a
significant increase upon glucose addition (Figure 1C) (p < 0.05). The percentage of EPA in
TFA was increased on Day 4 with glucose addition (Figure 1D), and the EPA yield reached
38.18 mg/L in +G group while only 16.09 mg/L in −G group (p < 0.01). A previous study
also has concluded that mixotrophic culture is preferred for the production of EPA from
N. laevis [27].
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Figure 1. Physiological changes in N. laevis after glucose addition. (A) Biomass growth, (B) fuco-xanthin and total
chlorophyll content, (C) total fatty acids (TFA) and intracellular soluble polysaccharides content, and (D) eicosapentaenoic
acid (EPA) content and yield after 4-days culture. * indicates p < 0.05, and ** indicates p < 0.01. +G, with glucose addition;
−G, without glucose addition.

2.2. The Changes of Transcriptome during the Transition from Autotrophy to Mixotrophy

RNA-seq is a powerful tool to provide insights to gene expression and function, the
association of genes to metabolic pathways, and their regulations. Data generated from
RNA-seq can be used to complement genomic studies for functional annotations and evo-
lution of gene clusters and metabolic pathways. To elucidate the underlying mechanisms
that associated with physiological changes in N. laevis, we investigated transcriptome-
wide differences in gene expression during the transition from autotrophy to mixotrophy.
Samples were collected for RNA-seq at 3 h, 6 h, and 12 h from both the glucose group
(with glucose addition, +G) and control group (without glucose addition, +G). De novo
sequences were prepared from 18 samples (referred as +G3h, +G6h, +G12h, −G3h, −G6h,
−G12h). The de novo assembly generated 16,622 unigenes in total (Table S1). To reflect
the gene expressional correlation between samples, the Pearson correlation coefficients
for all gene expression levels between two samples were shown in Table S2. Moreover,
the principal component analysis (PCA) results also revealed the relationship between the
samples (Figure S1A). The transcription profiles among +G and −G groups showed signifi-
cant divergence, and time points also attributed to the divergence among groups, while
the three biological replicates were comparable. The box plot showed an overview of the
gene expression level in each sample (Figure S1B). Through the sequence similarity search
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in NR (Non-Redundant Protein Sequence) database, functions information of genes was
predicted and the similarity between the transcript sequences of N. laevis and the similar
species was obtained. As shown in Figure S1C, 3163 genes were matched with homologous
genes from Pseudo-nitzschia multistriata, and 2665 homologous genes were identified in
Fragilariopsis cylindrus. Moreover, these genes accounted for ~52.8% of total genes, and
genes conserved across all three species of Phaeodactylum tricornutum, Fistulifera solaris, and
Thalassiosira oceanica accounted for ~37.0% of total genes. These results revealed the close
phylogenetic links between N. laevis and other diatoms. The abundance of transcripts from
+G group were compared with respective counterparts from –G group, and interpreted as
log2FoldChange (FC), and genes with log2FC ≥ 1 or ≤ −1 and padj ≤ 0.05 were defined as
differentially expressed genes (DEGs). The volcano plots shown the distribution of DEGs
(Figure 2A–C): There were 1068 upregulated DEGs and 1058 downregulated DEGs in the
+G3h group, 699 upregulated DEGs and 728 downregulated DEGs in the +G6h group,
and 822 upregulated DEGs and 781 downregulated DEGs in the +G12h group. As the
+G3h group yielded the largest number of DEGs, the KEGG pathways enrichment for
the DEGs of +G3h group was performed and pathways significantly enriched (p < 0.05)
were shown in Figure 2D. The top 10 enriched pathways of DEGs were listed with relative
DEG IDs, including several amino acid metabolism pathways (‘alanine, aspartate and
glutamate metabolism’, ‘arginine biosynthesis’, ‘valine, leucine and isoleucine biosynthe-
sis’, ‘valine, leucine and isoleucine degradation’); two carbohydrate metabolism pathways
(‘pyruvate metabolism’, ‘propanoate metabolism’); two lipid metabolism pathways (‘fatty
acid degradation’, ‘fatty acid elongation’); one pathway of translation (‘ribosome biogenesis
in eukaryotes’); and ‘vitamin B6 metabolism’.

To identify gene families that quickly respond to the transition from autotrophy to
mixotrophy, the 100 most up- and downregulated DEGs at 3 h were listed for hierarchical
cluster analysis to group these DEGs with their expressional patterns during the first 12 h
(Figure S2A,B). Even though most of these DEGs were unknown in function according to
sequence alignment results in NR and KEGG database, some genes were annotated and
classified. The results showed that most of these DEGs were associated with carbohydrate
metabolism, amino acid metabolism, and lipid metabolism (Figure S2C,D). For carbohy-
drate metabolism, most of upregulated DEGs were involved in pyruvate metabolism and
glycolysis/gluconeogenesis, while most of downregulated DEGs were involved in fruc-
tose and mannose metabolism, glyoxylate and dicarboxylate metabolism, and propanoate
metabolism (Table S3). For lipid metabolism, one gene in fatty acid biosynthesis, one in
glycerophospholipid metabolism and one in glycerolipid metabolism were downregulated,
while three genes in fatty acid degradation, two genes in biosynthesis of unsaturated fatty
acids, and one in fatty acid biosynthesis were upregulated (Table S3). Besides, note that
there were 2 genes (hexaprenyl-diphosphate synthase (hexPS) and diphosphomevalonate
decarboxylase (MVD)) related in terpenoid backbone biosynthesis pathway in the list of
top 100 upregulated DEGs (Table S3), and terpenoid backbone biosynthesis is directly
associated with carotenoids biosynthesis, thus influence the production of fucoxanthin.
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Figure 2. Differentially expressed genes (DEGs) overview during the transition from autotrophy to mixotrophy. (A) The
volcano plots of DEGs at 3 h. (B) The volcano plots of DEGs at 6 h. (C) The volcano plots of DEGs at 12 h. (D) KEGG
pathways enrichment for the DEGs in the +G3h group. DEGs, differential expressed genes; FC, fold change.

2.3. The Changes of Metabolites Profile during the Transition from Autotrophy to Mixotrophy

Metabolic pathways in microalgae are responsive to environmental changes. Even
with transcriptomic data, biochemical regulation is subject to many other regulatory con-
trols (e.g., regulated degradation, post translational modification, and allostery), so the
conclusions remain tentative and hypothesis-generating rather than conclusive. However,
the metabolomic data greatly strengthen the hypotheses produced by the transcriptomic
data. Mass spectrometry were used to collect data on metabolites analysis, by applying a
filtering coefficient of 30% variation of peak size, there were 13,139 and 1316 peaks identi-
fied under Positive ion mode (ESI+) and negative ion mode (ESI−), respectively (Table S4).
To illustrate the differences of metabolomics between −G and +G groups, metabolites
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with fold change ≥1.2 or ≤0.83, and p-value <0.05 were defined as having significant
changes. In total, there were 847 decreased metabolites and 856 increased metabolites
under ESI+ in the +G microalgal cells (Figure S3A); while the signals of 136 metabolites
under ESI- were decreased and that of 122 metabolites were increased (Figure S3B). With
the exception of unknown compounds, most of these differential metabolites belong to the
following chemical groups: lipids and lipid-like molecules, benzenoids, organoheterocyclic
compounds, and organic acids (Table S4). As designated in the KEGG databases, most
of identified metabolites belong to amino acid metabolism, metabolism of cofactors and
vitamins, carbohydrate metabolism and lipid metabolism pathway (Figure S3C). In contrast
to that of −G group, the valine content was increased by 57% (Figure 3). Valine is present
in many proteins, mostly in the interior of globular proteins helping to determine the
three-dimensional structure [28]. α-Ketoglutarate was significantly increased by 147% in
the +G group, which is an intermediate compound of the tricarboxylic acid cycle (TCA
cycle) and amino acid metabolism, nitrogen metabolism. Correlated with glucose addition,
pyruvate, the product of glycolysis and precursor of carotenoids, fatty acids and many
amino acids, was increased by 86% (Figure 3). Due to the crosstalk between amino acids
and central carbon metabolism, the increase of valine, α-ketoglutarate, and pyruvate was
consistent with the upregulation of several amino acid metabolic pathways revealed by
transcriptomic analysis, including ‘valine, leucine and isoleucine biosynthesis’, ‘arginine
biosynthesis’ and ‘alanine, aspartate and glutamate metabolism’. The upregulation of
amino acid biosynthesis under mixotrophic culture was expected, as after glucose addition,
amino acids and proteins synthesis were required for cell proliferation. The contents of
C16:0, EPA, and DHA were greatly increased, while C12:2 was significantly decreased
(Figure 3), indicating that the addition of glucose enhanced the biosynthesis of long-chain
fatty acids. This result was also consistent with the transcriptomic result that fatty acid
elongation pathway was upregulated by glucose addition.

2.4. Identification of the Candidate Genes Involved in Carotenoids Biosynthesis and Their
Expression Profiles

From this section, we focused on the transcriptome results of selected functional
pathways involved in fucoxanthin and fatty acid biosynthesis. Carotenoids biosynthesis
includes two metabolic steps: terpenoid backbone biosynthesis and carotenoid biosynthesis.
Carotenoids are derived from terpene backbone precursors, isopentenyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate (DMAPP). Previous studies have revealed that
green microalgae produce IPP and DMAPP via the chloroplastic 2-C-methylerythritol
4-phosphate (MEP) pathway [29,30], while diatoms and higher plants commonly have
both cytosolic mevalonate (MVA) pathway and chloroplastic MEP pathway for IPP and
DMAPP synthesis [31,32]. These two pathways are likely to generate precursors that
are allocated to different isoprenoid end-products. It is currently known that mono- and
diterpenes are produced in the plastid compartment via the MEP pathway; whereas the
cytosolic MVA pathway is used for the biosynthesis of triterpenes, including the sterol
precursor, cycloartenol; however, the exchange of terpene precursors between the two
compartments increased the complexity of studying their metabolism [33]. In this study,
all genes encoding the enzymes of the MEP pathway and most genes of the MVA pathway
were identified in N. laevis (Table S5). This study is the first report on the genes and
expression profiles of the MEP and the MVA pathways in N. laevis.
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Figure 3. Brief overview of amino acid and central carbon metabolism based on metabolomic analysis.
The red color of words indicates the content of the metabolite was increased under glucose addition.

The transcription level of genes relate to terpene precursors and carotenoid biosynthe-
sis were further illustrated with the respective time points (Figure 4). All genes in MEP
pathway showed no significant change through the 12 h period (Figure 4A). In the MVA
pathway, acetyl-CoA C-acetyltransferase (ACAT) was slightly downregulated only at 3 h,
while diphosphomevalonate decarboxylase (MVD) was apparently upregulated at 3 h
and 6 h. Besides, isopentenyl-diphosphate delta-isomerase (idi) catalyzed the reversible
conversion of IPP and DMAPP, and one of the idi isoforms in N. laevis was significantly
upregulated at 3 h and 6 h. IPP and DMAPP are converted to form geranylgeranyl diphos-
phate (GGPP) catalyzed by the geranyl diphosphate synthase (GPPS), farnesyl diphosphate
synthase (FDPS), and geranylgeranyl diphosphate synthase (GGPPS). Among these three
enzymes, the gene encoding GGPPS had a relatively higher transcription level than the
other two genes, and the gene encoding FDPS showed elevated expression under glucose
addition. Therefore, the gene transcription levels of terpenoid backbone biosynthesis were
overall upregulated by glucose addition.
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Figure 4. Expression patterns of genes in the carotenoid biosynthesis pathway. (A) Terpenoid back-
bone biosynthesis, (B) Carotenoid biosynthesis. ACAT, acetyl-CoA C-acetyltransferase; HMGCS,
hydroxymethylglutaryl-CoA synthase; HMGCR, hydroxymethylglutaryl-CoA reductase; PMK, phos-
phomevalonate kinase; MVD, diphosphomevalonate decarboxylase; DXS, 1-deoxy-D-xylulose-5-
phosphate synthase; DXR, 1-deoxy-D-xylulose-5-phosphate reductoisomerase; MCT, 2-C-methyl-D-
erythritol 4-phosphate cytidylyltransferase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol ki-
nase; MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS, (E)-4-hydroxy-3-methylbut-
2-enyl-diphosphate synthase; HDR, 4-hydroxy-3-methylbut-2-enoyl diphosphate reductase; IDI,
isopentenyl-diphosphate Delta-isomerase; FDPS, farnesyl diphosphate synthase; GGPPS, geranyl-
geranyl diphosphate synthase; GPPS, geranyl diphosphate synthase; ZDS, zeta-carotene desaturase;
PSY, phytoene synthase; PDS, phytoene desaturase; LCYb, lycopene beta-cyclase; ZEP, zeaxanthin
epoxidase; VDE, violaxanthin de-epoxidase; ZISO, zeta-carotene isomerase; CHYB, beta-carotene
3-hydroxylase. * indicates the expression level in +G group was significantly differential compared
with control group (|log2FC (Fold change)| ≥ 1.00 and padj < 0.05). The red color of genes indicates
upregulation and blue color indicates downregulation.

In the carotenoid biosynthesis pathway, GGPP is condensed to the first 40-carbon
carotene, phytoene, catalyzed by phytoene synthase (PSY). The phytoene is converted
to lycopene after several desaturation and isomerization steps, mediated by phytoene
desaturase (PDS), zeta-carotene isomerase (ZISO), and zeta-carotene desaturase (ZDS).
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The transcripts of PDS and ZISO was reduced upon glucose addition, and that of PSY
and ZDS remained unchanged (Figure 4B). From the genetic engineering perspective, the
reduction of PDS and ZISO correlated well the decrease of fucoxanthin content, thus the
two enzymes might catalyze the rate-limiting steps in the pathway. Lycopene β-cyclase
(lcyB) converts lycopene to β-carotene, and beta-carotene 3-hydroxylase (CHYB) catalyzes
the hydroxylation of β-carotene to form zeaxanthin. In green algae, lycopene represents
the branching point for α-carotene and β-carotene, and lycopene ε-cyclase (LCYe) diverts
the carotenoid flux towards lutein instead of zeaxanthin [34]. However, in N. laevis the
ortholog of LCYe is absent, which is consistent with previous studies suggesting LCYe
gene is absent in diatoms, explaining why α-carotene and its derivatives are not found [35].
Zeaxanthin was epoxidized to violaxanthin by zeaxanthin epoxidase (ZEP) via the inter-
mediate antheraxanthin, and the xanthophyll violaxanthin was reversely deepoxidized to
zeaxanthin by violaxanthin de-epoxidase (VDE) (violaxanthin cycle). The latter conversion
was essential for the photoprotection of plants or algae when exposed to excessive light [36].
In this study, three candidate ZEP isoforms and one VDE were identified, and one of ZEP
isoforms (TRINITY_DN5319_c0_g1) was upregulated upon glucose addition.

Violaxanthin is the precursor of diadinoxanthin, diatoxanthin, and fucoxanthin, the
major xanthophyll molecules in diatoms, and the diadinoxanthin–diatoxanthin cycle is an
important short-term photoprotective mechanism [37]. However, the research on fucox-
anthin biosynthesis in diatoms is still in its infancy, as the enzymes catalyze downstream
conversions of violaxanthin has yet been identified in diatoms [38]. The structural studies
on fucoxanthin and chlorophyll a/c binding proteins (FCPs) revealed that fucoxanthin-
FCPs pigment-protein complex play both light-harvesting and photoprotection roles [23,24].
In N. laevis, 18 genes were annotated as putative genes encoding FCPs (Table S5), among
which one gene was downregulated at 3 h, two genes were downregulated at 6 h and 12 h,
while 1 gene was upregulated at 12 h.

2.5. Alterations to FA Metabolism during the Transition from Autotrophy to Mixotrophy

The first committing step of de novo fatty acid synthesis is the carboxylation of acetyl
CoA to produce malonyl CoA catalyzed by acetyl-CoA carboxylase (ACC), which is a
key enzyme in the de novo fatty acid synthesis [39,40]. The malonyl CoA is transferred
to an acyl carrier protein (ACP) by the malonyl-CoA:acyl carrier protein transacylase
(MAT) leading to the formation of malonyl-ACP for fatty acid synthesis. In this study, the
transcription level of neither ACP or MAT genes had significant change between +G and
−G group in N. laevis (Figure 5).

The subsequent condensation reactions from malonyl-ACP to C16 and/or C18 fatty
acids involves a set of fatty acid synthases including 3-ketoacyl-ACP synthase (KAS, fabF
and fabH), 3-ketoacyl-ACP reductase (KAR, fabG), 3-hydroxyacyl-ACP dehydratase (HAD,
fabZ), and enoyl-ACP reductase (ENR, fabI, and fabK) [39]. In N. laevis, the transcription
level of these enzymes (fabF, fabH, fabG2, fabZ) were overall upregulated in +G group at
3 h (Figure 5). Despite the fact that FabG1 was downregulated, its transcript abundance
was much lower than FabG2, indicating the FabG2 rather than FabG1 was the primary
functional isoform catalyzing the conversion of 3-Ketoacyl ACP to 3-Hydroxyacyl ACP.
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Figure 5. Expression patterns of genes involved in fatty acid metabolism. ACC, acetyl-CoA car-
boxylase; ACP, acyl carrier protein; MAT, malonyl-CoA:acyl carrier protein transacylase; KAS,
3-ketoacyl-ACP synthase; KAR, 3-ketoacyl-ACP reductase; HAD, 3-hydroxyacyl-ACP dehydratase;
ENR, enoyl-ACP reductase; FAT, acyl-ACP thioesterase; LCAS, long-chain acyl-CoA synthetase;
AOX, acyl-CoA oxidase; ECH, enoyl-CoA hydratase; HCD, 3-hydroxyacyl-CoA dehydrogenase;
KATO, 3-ketoacyl-CoA thiolase; ELOVL, elongation of very long chain fatty acids protein; KCS,
3-ketoacyl-CoA synthase; KCR, very-long-chain 3-ketoacyl-CoA reductase; HACD, very-long-chain-3-
hydroxyacyl-CoA dehydratase; TER, very-long-chain enoyl-CoA reductase. * indicates the expression
level in +G group was significantly differential compared with control group (|log2FC| ≥ 1.00 and
padj < 0.05). The red color of genes indicates upregulation and blue color indicates downregulation.

The de novo synthesized fatty acids in the form of acyl-ACP can be released as free
fatty acids by an acyl-ACP thioesterase (FAT), and ligated to CoA via a long-chain acyl-
CoA synthetase (LCAS). The fatty acids in the form of acyl-CoA can be further elongated
or oxidated. In microalgae, isoforms of LCAS played different roles involving in TAG
biosynthesis or in fatty acid β-oxidation [41]. Among the eight putative LCAS genes in
N. laevis, four genes were downregulated by glucose addition (Figure 5), in spite that
their roles in lipid metabolism needed more detailed research in future. Fatty acids degra-
dation involves a set of enzymes including LACS, acyl-CoA oxidase (AOX), enoyl-CoA
hydratase (ECH), 3-hydroxyacyl-CoA dehydrogenase (HCD) and 3-ketoacyl-CoA thiolase
(KATO). Overall, the expression of these genes involved in FA degradation were strongly
repressed upon glucose addition, indicative of attenuated degradation of fatty acids under
mixotrophic condition.

Fatty acids are de novo synthesized in the stroma, then converted into very long chain
polyunsaturated fatty acids at the endoplasmic reticulum (ER). In FA elongation pathway,
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the transcription of two isoforms of Elongation of Very Long Chain Fatty Acid Proteins
(ELOVL) were dramatically increased (TRINITY_DN5556_c0_g1 and TRINITY_DN5955_c0_g1),
and 3-ketoacyl-CoA synthase (KCS) was 4.6-fold upregulated under mixotrophic condition.
These two enzymes were known as responsible for extending palmitoyl-CoA and stearoyl-
CoA to very-long-chain acyl CoAs. These two upregulated genes might be crucial for
EPA biosynthesis; therefore, they are the potential targets for gene engineering to enhance
EPA production.

2.6. Weighted Gene Co-Expression Network Analysis (WGCNA)

To determine regulatory modules and the hub genes regulating the physiological
responses related to glucose supplementation, we further carried out the WGCNA anal-
ysis using RNA-seq data of N. laevis (Figure 6). A total of 6 co-expressed gene modules
were identified via hierarchical clustering based on gene transcript levels (Figure 6A).
The correlation coefficients between group physiological traits and the identified gene
modules were calculated to identify glucose regulatory modules (Figure 6B). The cor-
relation efficient of the turquoise module and +G group is up to 0.65 with a p-value of
0.003, suggesting that the turquoise module was likely to be positively associated with
glucose regulation. In contrary, the green module with a correlation efficient of −0.825
and a p-value of 2.51 × 10−5 was suggested likely to be negatively associated with glucose
regulation. Therefore, the turquoise module and green module were choosing to carry
out further analysis of hub genes, renamed as glucose-associated positive regulatory mod-
ule (GPRM) and glucose-associated negative regulatory module (GNRM), respectively.
The hierarchical cluster analysis of GPRM and GNRM showed that most genes in GPRM
were strongly repressed upon glucose addition while most genes in GNRM were upreg-
ulated (Figure S4). Then, the hub genes analysis was performed, and 30 hub genes were
identified from each module, respectively (Figure 6C,D). NR annotation showed that the
function of most of these genes were unknown. In GPRM, there was one gene (TRIN-
ITY_DN2078_c0_g1) with high sequence homology to Cell Division Cycle 20-like protein
1 (CDC20) from Fistulifera solaris, and CDC20 is essential for the anaphase onset as a
cofactor of the anaphase promoting complex/cyclosome (APC/C) controlling progression
through mitosis and the G1 phase of the cell cycle [42,43]. Moreover, another gene (TRIN-
ITY_DN2784_c0_g1) from GPRM has the homology with a DUF111-domain-containing
protein, which was likely associated to carbohydrate transport and metabolism [44]. In
GNRM, several genes were identified as hub genes with putative function, including an
adenylosuccinate synthetase (ADSS, TRINITY_DN5258_c0_g1), acetaldehyde dehydroge-
nase (ALDH, TRINITY_DN9750_c0_g1), a thiamin diphosphate-binding protein (ThDP-BP,
TRINITY_DN4715_c0_g1), a formate C-acetyltransferase (TRINITY_DN7137_c0_g1), a
pyruvate dehydrogenase E1 component alpha subunit (TRINITY_DN7132_c0_g1), a Phos-
phoethanolamine n-methyltransferase (TRINITY_DN2972_c0_g1) and a delta12 desaturase
(D12D, TRINITY_DN4872_c0_g1). Among these genes, ADSS is an enzyme that plays an
important role in purine biosynthesis and ALDH catalyzes the conversion of acetaldehyde
to acetyl-CoA. Formate C-acetyltransferase catalyzes the reversible conversion of pyruvate
and CoA into formate and acetyl-CoA, and is involved in the regulation of anaerobic
glucose metabolism. The pyruvate dehydrogenase (PDH) complex is a mitochondrial
multienzyme complex that catalyzes the overall conversion of pyruvate to acetyl-CoA
and provides the primary link between glycolysis and the tricarboxylic acid (TCA) cycle.
Phosphoethanolamine n-methyltransferase participates glycerophospholipid metabolism,
and it is essential to phosphatidylcholine (PC) synthesis in Arabidopsis [45]. D12D is a
key enzyme involved in the synthesis of omega-3 and omega-6 FAs, responsible for the
conversion of oleic acid (OA, 18:1 n−9) to linoleic acid (LA) [46].
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Figure 6. Weighted gene co-expression network analysis (WGCNA) in N. laevis. (A) Gene dendrogram and module colors
based on gene transcript levels. (B) Correlation between modules and group traits (+G or −G). (C) Hub genes identified
from glucose-associated positive regulatory module (GPRM). (D) Hub genes identified from glucose-associated negative
regulatory module (GNRM).

3. Materials and Methods

3.1. Algal Strain and Cultivation Conditions

The marine diatom N. laevis (UTEX 2047) was obtained from the Culture Collection
of Algae at The University of Texas, USA. All cultures were grown in LDM medium in
the 250-mL column (3-cm diameter) photoreactor with aeration of 1.5% CO2 enriched
air. Continuous illumination at 40 μmol photons m−2 s−1 was applied. Cells were pre-
cultivated photoautotrophically at 25 ◦C for 5 days. To induce trophic transition, cells from
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autotrophic cultures were inoculated into LDM medium with addition of 5 g/L glucose
(+G) at the initial biomass concentration of ~0.4 g/L. Cultures under autotrophic condition
were maintained as control (−G).

3.2. Lipids Analysis

For fatty acids (FAs) analysis, lyophilized algal cells were directly transesterificated
with 1% (v/v) sulfuric acid in methanol and methylbenzene at 50 ◦C overnight, and ana-
lyzed using gas chromatography–mass spectrometry (GC–MS) equipped with a DB-WAX
capillary column (30 m × 0.25 mm × 0.25 μm) (Agilent, Palo Alto, CA, USA). Helium was
used as the carrier gas with the flow rate of 1.2 mL/min. Samples were injected in split
mode (5:1 split ratio) at an oven temperature of 45 ◦C with an injection volume of 1 μL.
The oven temperature was raised from to 45 ◦C 150 ◦C at 15 ◦C/min, then to 240 ◦C at
6 ◦C/min, and held at 240 ◦C for 8 min. Total lipids were quantified as the fatty acids
contained in the total lipids, namely total fatty acids (TFA). EPA peaks were identified
by the MS spectrum matching from database. Heptadecanoic acid (C17:0, Sigma-Aldrich,
St. Louis, MO, USA) was used as the internal standard.

3.3. Polysaccharides Content Analysis

Microalgal cells were collected by centrifugation. Cells were homogenized by a tissue
lyser at 30 Hz for 1 min. After homogenization, intracellular soluble polysaccharides were
extracted in distilled water. Four times volume of ethanol was added for polysaccharides
precipitation overnight. Then, the precipitates were collected and redissolved in distilled
water for soluble polysaccharides analysis. The glucose was used as standard to draw a
standard curve. One milliliter of 6% phenol and 5 mL of concentrated sulfuric acid were
added to each tube. After mixing and reaction for 10 min at room temperature, samples
were cooled to room temperature and measure the absorbance at 490 nm wavelength.

3.4. Pigments in Photosynthesis Complexes

Pigments were extracted from fresh algal cells using methanol. By measuring the
absorbance, respectively, at 664 nm and 630 nm with a spectrophotometer (NanoDrop
Technologies, Wilmington, Delaware, USA), chlorophyll concentration was calculated with
the following equation [47]:

Chl a = 13.2654 × A664 − 2.6839 × A630 (1)

Chl c = 28.8191 × A630 − 6.0138 × A664 (2)

Identification and quantification of fucoxanthin were performed on ACQUITY Ultra
Performance LC H-Class coupled in-line to a Xevo TQ-XS triple quadrupole mass spec-
trometer with a ESI probe (Waters, Milford, Massachusetts, USA). Samples were injected
on a ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm, Waters), and the eluents
were acetonitrile (A), methanol (B) and demineralized water contained 0.1% (v/v) formic
acid (C). The gradient was initiated from 58% A, 27% B, and 15% C, then transiently to
92%A and 8% C at 4 min, and finally reverted to its initial composition at 8 min followed
by an equilibration phase of 2 min. The flow rate was at 350 μL/min. Nitrogen was
used as desolvation gas (800 L/h at 400 ◦C). The spray capillary voltage was 3 kV for the
positive ion mode. Multiple reaction monitoring (MRM) scanning mode was used for
mass spectrometry detection. The standards of fucoxanthin were purchased from Sigma
(St. Louis, MO, USA).

3.5. Transcriptomics Analysis

RNA sequencing (RNA-seq) experiment was performed on 18 samples collected at 3 h,
6 h, and 12 h after inoculation in treated medium with glucose addition (+G) and control
group (−G), respectively. Total RNA was extracted using the plant RNA extraction kit
(TaKaRa, Tokyo, Japan), and contaminating DNA was removed with RNase-free DNase I.
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The assessment of RNA concentration and quality was performed by Nano-Drop (ND1000
UV–Vis spectrophotometer; NanoDrop Technologies, Wilmington, Delaware, USA) and Ag-
ilent 2100 Bio analyzer (Agilent Technologies, Inc., Palo Alto, CA, USA). After purification,
poly-A containing mRNA molecules were fragmented and reverse-transcribed into cDNA,
then adaptor sequences were ligated to cDNA molecules. The products were purified
and enriched with PCR amplification. The PCR yield was quantified by QuantiFluor®

dsDNA System, and samples were pooled together to form the final library. The pooled
samples were subjected to cluster generation and sequenced using an Illumina HiSeq.
Raw reads were trimmed and clipped with SeqPrep (https://github.com/jstjohn/SeqPrep,
accessed on 20 January 2021) and Sickle (https://github.com/najoshi/sickle, accessed on
20 January 2021) software by filtering the low-quality reads, reads with adaptors and reads
with unknown bases (N bases more than 5%) to get clean reads. The RNA-seq data were
deposited in the Gene Expression Omnibus under accession number GSE168959.

De novo transcriptome assembly was performed with Trinity software (Version v2.8.5,
https://github.com/trinityrnaseq/trinityrnaseq, accessed on 20 January 2021). The as-
sembled transcriptome sequences were annotated using major databases (Non-Redundant
Protein Sequence Database (NR), Swiss-Prot, Pfam protein family database, Clusters of
Orthologous Groups (COG), Gene Ontology database (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG)), and statistics on its annotations were carried out in each
database. RSEM software was used to calculate gene expression levels from RNA-seq data,
and the expression profiles for all genes were normalized with the standardized transcript
abundance measure “transcripts per million” (TPM) [48]. R studio (Version 4.0.2., Lucent
Technologies Inc. (formerly AT&T Bell Laboratories), Murray Hill, NJ, USA) software was
used to perform statistics: Pearson correlation between all samples was calculated using
cor function, and PCA analysis was performed with all samples using princomp function.
Finally, differential expressed genes (DEGs) were identified between samples and clustered
with DEseq2 (Version 1.24.0, http://bioconductor.org/packages/stats/bioc/DESeq2/, ac-
cessed on 16 March 2021) software using the parameters as |log2FC| (Fold Change) ≥ 1.00
and adjusted p value (padj) < 0.05.

3.6. Weighted Gene Co-Expression Network (WGCNA)

For investigating correlations between genes and glucose-induced trophic transition, a
global weighted gene co-expression network (WGCNA) were constructed as follows (https:
//horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/, accessed
on 16 March 2021): (1) genes and samples were first filtered by the variation efficient and
hierarchical clustering analysis; (2) co-expressed gene modules were identified from the net-
work using the function blockwise Modules; (3) modules with higher Pearson correlation
coefficient were selected to perform the hub gene analysis.

3.7. Metabolomics Analysis

The cells were collected by centrifugation and quenched rapidly with liquid nitrogen.
Cells were homogenized by a tissue lyser at 30 Hz for 1 min, and the adapter set of
the tissue lyser was pre-chilled at −80 ◦C overnight before use. The metabolites were
extracted by pre-chilled methanol: acetonitrile: H2O (2:1:1, v/v/v) after homogenized using
a tissue lyser. The supernatant was collected and vacuum-dried using Centri Vap benchtop
vacuum concentrator and re-suspended in methanol: H2O (1:9, v/v). Twenty microliters
of each sample was taken and mixed into a quality control (QC) sample for evaluation of
reproducibility and stability of the analysis.

Metabolomics analysis was performed with an UPLC (waters, USA) in-line with Q
Exactive mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipping
with a BEH C18 column (1.7 μm, 2.1 mm × 100 mm, Waters, USA). The eluents were H2O
containing 0.1% (v/v) formic acid (A) and methanol containing 0.1% (v/v) formic acid (B)
for positive ion mode (ESI+), and H2O containing 10 mM ammonium formate (A) and
95% methanol containing 10 mM ammonium formate (B) for negative ion mode (ESI-).
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The linear gradient was as follow: 0–1 min, 98% A; 1–9 min, 98% A to 2% A; 9–12 min,
2% A; 12–12.1 min, 2% A to 98% A and maintained until 15 min. The flow rate was at
350 μL/min, and injection volume was 5 μL. MS data was recorded over the m/z range
70–1050. The flow rate of sheath gas was 40, and aux gas flow rate was 10. The spray
voltage was 3.8 kV for positive ion mode and 3.2 kV for negative ion mode. The capillary
temperature was 320 ◦C and the aux gas heater temperature was 350 ◦C. Data reprocessing
was performed with Compound Discoverer 3.0 (Thermo Fisher Scientific, USA) and MetaX
(http://metax.genomics.cn, accessed on 16 March 2021) [49].

3.8. Statistical Analysis

All the experiments were conducted in at least three biological replicates. Experimental
results were expressed as mean value ± SD. The statistical significance of the results was
tested by t test.

4. Conclusions

In conclusion, glucose addition affected the biochemical composition of N. laevis.
The fucoxanthin and chlorophyll contents were significantly decreased, while EPA was
increased. Transcriptomic and metabolomic analysis suggested that the impact of glucose-
induced trophic transition include upregulation of enzymes associated with the pyruvate
metabolism, amino acid biosynthesis, and fatty acid elongation. ELOVL and KCS are likely
the main contributors to EPA accumulation, and the downregulation of PDS and ZISO
is likely to be responsible for the decrease of fucoxanthin content. Moreover, hub genes
were identified from two glucose regulatory gene module, GPRM and GNRM respectively,
and their functions were associated with cell cycle, carbohydrate metabolism, purine
biosynthesis, and lipid metabolism.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md19080426/s1, Figure S1: Transcriptome analysis overview during the transition from
autotrophy to mixotrophy. (A) Principal component analysis (PCA) (B) The box plot of the gene ex-
pression level (C) Sequence similarity annotation in NR (Non-Redundant Protein Sequence) database.
Figure S2: Hierarchical cluster and KEGG classification of most up-regulated and down-regulated
differential expressed genes (DEGs) at 3 h. (A) hierarchical cluster analysis of the top 100 most
up-regulated DEGs (B) Hierarchical cluster analysis of the top 100 most down-regulated DEGs
(C) KEGG classification of the top 100 most up-regulated DEGs (D) KEGG classification of the top
100 most down-regulated. Figure S3: Metabolome analysis overview during the transition from
autotrophy to mixotrophy. (A) The volcano plots of metabolites under positive ion mode (ESI+)
(B) The volcano plots of metabolites under negative ion mode (ESI-) (C) KEGG classification of all
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gene expression levels of all unigenes. Table S2: The Pearson correlation coefficients for all gene
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carotenoids biosynthesis and fatty acids metabolism.
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Abstract: The valuable marine carotenoid, astaxanthin, is used in supplements, medicines and
cosmetics. In this study, crustacyanin, an astaxanthin-binding protein, was used to solubilize and
concentrate astaxanthin. The recombinant crustacyanin of European lobster spontaneously formed
an inclusion body when it was over-expressed in Escherichia coli. In this study, fusing the NusA-tag to
the crustacyanin subunits made it possible to express in a soluble fraction and solubilize astaxanthin
in aqueous solution. By cutting off the NusA-tag, the crustacyanin subunits generated the pure
insoluble form, and captured and concentrated astaxanthin. Overall, the attaching and releasing
NusA-tag method has the potential to supply solubilized carotenoids in aqueous solution and
concentrated carotenoids, respectively.

Keywords: astaxanthin; marine carotenoid; crustacyanin; European lobster; NusA-tag; Escherichia coli

1. Introduction

Carotenoids are used as red or orange pigments for foods, supplements, pharmaceu-
ticals and cosmetics. Carotenoids are found as natural compounds in microorganisms,
algae, plants and animals [1–6]. A valuable carotenoid, astaxanthin (3,3′-dihydroxy-β,
β-carotene-4,4′-dione; C40H52O4), acts as a protective agent against oxidative damage to
cells in vivo because it has high antioxidant activity [7–9]. Astaxanthin for human con-
sumption is often produced by extraction from the microalgae, Haematococcus pluvialis [10];
generally extracted from H. pluvialis using super-critical CO2, a method which is not harm-
ful with easy removal of the CO2 [11,12]. However, the efficiency of extracting astaxanthin
from H. pluvialis cells has been reported to be less than 50%, even when carried out un-
der high pressure (30 MPa) [13,14]. Repeating the super-critical extraction of astaxanthin
several times also leads to very high running costs [15–18]. In addition, astaxanthin is
generally extracted with organic solvents and can be concentrated by evaporation [19].
For a sustainable society in the future, environmentally-negative solvent discharge and
energy-intensive evaporation processes are not desirable. Therefore, there is a need to
develop an environmentally friendly astaxanthin concentrating method. Furthermore,
providing astaxanthin in the form of an aqueous solution is important for developing
applications of this valuable product, such as cosmetics and nutritional supplement drinks.

In the cells of the shells of crustaceans, astaxanthin exists with its binding protein,
crustacyanin. Wald et al. first extracted crustacyanin from the shells of lobsters [20].
Crustacyanin subunits can be classified into two groups according to the composition of
their amino acids, molecular size and peptide mapping. One group consists of the A1,
C1 and C2 subunits, and the other consists of the A2 and A3 subunits [21]. Heterologous
expression of the crustacyanin subunits in E. coli has also been carried out to clarify their
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three-dimensional structures [22]. One possible method of concentrating carotenoids is to
use astaxanthin-binding proteins. However, the expression levels of these crustacyanin
subunits are lower than those required for its application.

The current study has developed a simple method for solubilizing and concentrating
astaxanthin using an easily-purified single crustacyanin protein. Using the attaching and
releasing NusA-tag method, the crustacyanin protein was solubilized with the NusA-tag,
followed by cleavage of the tag, which easily induces a pure precipitate for concentrating
astaxanthin. It has been demonstrated that the method developed in this study can be used
not only for astaxanthin, the original substrate of crustacyanin, but also for α-carotene
and β-carotene.

2. Results and Discussion

2.1. Optimization of Crustacyanin Preparation

For the first preparation step, native European lobster crustacyanin was produced in
E. coli. The expression levels of A2 and C1 were higher than those of the other subunits [21],
and A2C1 was a main subcomplex which forms H. gammarus crustacyanin [22]. Therefore,
genes artificially synthesized with codon optimization for E. coli which encode the native
H. gammarus crustacyanin A2 and C1 proteins were introduced into E. coli. Figure 1A
shows that almost all the A2 (23 kDa) and C1 (26 kDa) proteins were expressed as insoluble
inclusion bodies in E. coli. Therefore, their expressions in the inclusion bodies made the
application of these proteins difficult. The NusA-tag is a protein known to increase the
solubility of its conjugated target protein. In the present study, the NusA-tag (molecular
weight calculated as 55 kDa and shown as 69 kDa in SDS-PAGE) [23] was fused to the
N-terminal of the A2 and C1 proteins. As a result, the A2 and C1 proteins tagged with
NusA were expressed in the soluble fraction at almost the same level as that of the inclusion
bodies (Figure 1B).

Figure 1. Expression and digestion pattern of crustacyanin. (A) Native crustacyanin A2 and C1 are
represented by the arrows; (B) NusA-tagged crustacyanin A2 and C1 proteins are represented by the
arrows. The abbreviations “sup”, “ppt” and “M” represent supernatant, pellet and molecular marker,
respectively; (C) Cleaving the NusA-tag from the A2 and C1 proteins tagged with NusA. Biotinylated
thrombin was added to NusA-A2 and NusA-C1 crustacyanin in a 50 μL reaction mixture at different
concentrations shown for 2 or 24 h. Concentration of acrylamide used in SDS-PAGE is 8.0%.
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In the second step, to construct a simple method to purify the crustacyanin proteins,
the NusA-tag was removed from the NusA-tagged crustacyanin proteins. The protease,
thrombin, was used to digest the spacer region between the NusA-tag and the crustacyanin
proteins. To optimize the conditions for digestion, the NusA-A2 and NusA-C1 proteins
(0.2 μg/mL) were digested using the biotinylated thrombin at different concentrations
(0, 8.2, 16.4, 32.8 and 65.6 mU) at 4 ◦C for different reaction times (2, 4, 8 or 24 h). After
this digestion reaction in the presence of 65.6 mU thrombin protease for 2 h, both the
NusA-A2 and NusA-C1 proteins were almost completely digested to generate the A2
and C1 proteins (Figure 1C). In contrast, a reaction time of 24 h using less than 8.2 mU
thrombin protease was sufficient for the complete digestion of NusA from the NusA-A2
and NusA-C1 proteins.

2.2. Carotenoid Recovery by Insoluble Crustacyanin

The crustacyanin A2C1 complex has been reported to have the ability to bind to
astaxanthin [21]. The binding ability of A2C1 was compared when tagged with or without
NusA. The NusA-A2C1 and NusA-free A2C1 complexes were constructed by mixing the
NusA-A2/NusA-C1 proteins and NusA-free A2/C1 proteins, respectively. The astaxanthin
was solubilized in buffer with the NusA-A2C1 complex and no precipitation was observed
after centrifugation (Figure 2), which indicated that the astaxanthin had solubilized in the
aqueous phase.

Figure 2. Solubilization and concentration of astaxanthin by crustacyanin subunits. (A) Addition of
astaxanthin to crustacyanin A2 and C1 subunits attaching the NusA-tag; (B) Addition of astaxanthin
to crustacyanin A2C1, A2 and C1 after digesting the NusA-tag.

This method of solubilizing astaxanthin in aqueous solution could be applied in
various industries, particularly for cosmetics and supplemental nutrition drinks. In contrast,
the digestion of the NusA-tag from the NusA-A2 and NusA-C1 proteins and NusA-
A2C1 complex constructed from the resulting NusA-free proteins generated a red-colored
precipitate after binding to astaxanthin and centrifugation (Figure 2). These precipitates
indicate the ability of the method to capture and concentrate astaxanthin of a high purity
as the precipitated form of crustacyanin.

To evaluate whether the crustacyanin subunits could be used to concentrate carotenoids
other than astaxanthin, the abilities of the A2 or C1 protein and their A2C1 complex to
bind α-carotene and β-carotene were compared (Figure 3). The crustacyanin A2 protein
individually bound all three carotenoids at a recovery rate (>75%) higher than that for
the C1 protein, and almost equal to that for the A2C1 complex. These results indicated
that the expression of both the A2 and C1 proteins and the formation of their complex is
not required for the efficient capture of carotenoids. The crustacyanin A2 subunit alone
provided a simple method for concentrating carotenoids. Figure 3 also shows no differ-
ences in the recovery rate for astaxanthin, α-carotene and β-carotene from the mixture.
This wide-ranging ability to capture carotenoids indicates the potential of this method for
application to any other type of carotenoid.
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Figure 3. Capturing carotenoids from a mixture using the crustacyanin subunits. The crusta-
cyanin subunits were reacted with a mixture of carotenoids containing astaxanthin, α-carotene and
β-carotene, each at a concentration of 20 μg/mL. The amount of each carotenoid captured in the
crustacyanin was measured by high-performance liquid chromatography and their recovery rates were
calculated from the amounts added. The light gray, dark gray and black bars represent the crustacyanin
A2, C1 subunits and A2C1 complex, respectively. Error bars represent the standard deviations.

3. Materials and Methods

3.1. Strains, Plasmids and Transformation

Genes encoding the European lobster Homarus gammarus crustacyanin A2 and C1 sub-
units (Gene bank accession No. LC598211 and No. LC598212, respectively) were artificially
synthesized with codon optimization for Escherichia coli (Eurofins Genomic, Tokyo, Japan).
These genes were amplified using PCR, then subcloned into the pET-21d vector (Merck
KGaA, Darmstadt, Germany) to construct pET21d-A2 (the forward primer and reverse
primer used in this amplification were 5′-GTGCGGCCGCAAGCTTCGCGCGATACACGC
ATTCG-3′ and 5′-CGACAAGAGTCCGGGAGCTCTGGACGGCATTCCGTCCTTTG-3′,
respectively) and pET21d-C1 (the forward primer and reverse primer used in this am-
plification were 5′-GTGCGGCCGCAAGCTTCAGCGTTTTCTGGGTATCATACGG-3′ and
5′-CGACAAGAGTCCGGGAGCTCTGGACAAGATTCCCGATTTTGTTG-3′, respectively).
E. coli Rosetta2 (Merck KGaA) was then transformed using pET21d-A2 or pET21d-C1
to obtain E. coli strains which could over-express native A2 or C1 subunits induced by
IPTG. The PCR fragments including the A2 or C1 genes were also subcloned into the
pET43.1a vector (Merck KGaA) to construct pET43.1a-A2 and pET43.1a-C1. E. coli Origami
B (Merck KGaA) was transformed by pET43.1a-A2 or pET43.1a-C1 to obtain E. coli strains
which could over-express the A2 or C1 subunits with the NusA-tag (Nus·Tag) at their
N-terminus. These E. coli Origami B mutant strains were then transformed using the
pTF16 vector (Takara Bio, Shiga, Japan), which contains the gene-encoding Tig chaperone
induced by L-arabinose, to construct E. coli Origami B (pET-43.1a-A2/pTF-16) and Origami
B (pET-43.1a-C1/pTF-16).

3.2. Preparation of Soluble NusA-Crustacyanin

The E. coli Rosetta 2 and Origami B mutant strains were cultured in LB medium (10 g/L
tryptone, 5 g/L yeast extract and 5 g/L sodium chloride) supplemented with 0.5 mg/mL
L-arabinose and 100 μg/mL ampicillin in an Erlenmeyer flask, stirred at 100 rpm at 37 ◦C.
When the cell concentration reached an OD600 value of 0.5, 1 mM IPTG was added and
then cultured at 100 rpm for a further 3 h at 30 ◦C. After centrifugation (3000× g, 5 min,
4 ◦C), the supernatant was removed and the cell pellet was suspended in an appropriate
volume of 50 mM sodium phosphate buffer (pH 7.0), then sonicated for a total of 45 s (on
5 s/off 5 s × 9 cycles) using an ultrasonic disruptor (Vibra Cell, Sonics & Materials Inc,
Newtown, CT, USA). After centrifugation (1060× g, 5 min, 4 ◦C), ammonium sulfate (30%
saturated concentration) was rapidly added to the disrupted cell extract, then incubated
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for 30 min at 4 ◦C. Fifteen milliliters of the resulting solution was centrifuged (1060× g,
5 min, 4 ◦C), then the supernatant was removed. The remaining pellet was resuspended in
3 mL of 50 mM sodium phosphate buffer (pH 7.0), dialyzed in the same buffer overnight,
followed by replacement with 3 mL of fresh buffer and additional dialysis for 4 h. The
dialyzed NusA-A2 and NusA-C1 proteins were centrifuged (1060× g, 5 min, 4 ◦C), then the
concentration of each solubilized protein in the supernatant was measured using a Protein
Assay BCA Kit (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan). Equal volumes of the
NusA-A2 and NusA-C1 solutions were mixed to form a NusA-A2C1 complex as described
previously [22]. The chemicals were purchased from Nacalai Tesque (Kyoto, Japan) or
FUJIFILM Wako Pure Chemical Corp.

3.3. Preparation of NusA-free Crustacyanin

NusA was digested from the NusA-A2 or NusA-C1 protein as described in the manual
of the Novagen® Thrombin kits (Merk KGaA, Darmstadt, Germany). The biotinylated
thrombin was used at different concentrations at 4 ◦C for different reaction times. Ten
microliters of the reaction mixture were applied to SDS-PAGE to check the efficiency of
digesting NusA from the NusA-A2 and NusA-C1 proteins. Under the optimized digestion
conditions, large amounts (0.4 mg/mL) of NusA-A2 and NusA-C1 proteins were separately
digested with 320 mU biotinylated thrombin at 4 ◦C for 3 days to prepare enough amounts
of NusA-free crustacyanin for the next experiment described in Section 3.4. The NusA-free
A2 and C1 proteins were collected through precipitation by centrifugation (1060× g, 5 min,
4 ◦C) and removing the supernatant. The proteins were concentrated by resuspension in
the appropriate volume of 50 mM sodium phosphate buffer (pH 7.0).

3.4. Concentrating Carotenoids Using NusA-free Crustacyanin

Sixty microliters of a carotenoid mixture containing 20 μg/mL each of astaxanthin, α-
carotene and β-carotene were dissolved in acetone, then gently mixed with 0.1 mL of each
of the single NusA-free A2 or NusA-free C1 proteins (all at a concentration of 1.0 mg/mL)
and 50 μL of their A2C1 complex generated from A2 and C1 proteins (at a concentration of
1.0 μg/μL). After centrifugation, the carotenoids precipitated with the A2 or C1 proteins
or the A2C1 complex were suspended in 0.4 mL of acetone, vortexed and centrifuged
(16,000× g, 5 min, 4 ◦C) to obtain the first supernatant for recovering carotenoids. To recover
the remaining carotenoids from each protein, the precipitated protein was resuspended in
0.2 mL of acetone, vortexed and centrifuged (16,000× g, 5 min, 4 ◦C), and then the resulting
second supernatant was mixed with the first supernatant (total 0.6 mL). The carotenoid
concentrations were determined as described previously [24,25] using a high-performance
liquid chromatography system (Shimadzu, Kyoto, Japan) equipped with a COSMOSIL
Cholester Packed Column (4.6 i.d. × 250 mm, Nacalai Tesque, Kyoto, Japan). The operating
conditions were: column temperature, 35 ◦C; mobile phase, methanol/tetrahydrofuran
(80/20 (v/v)); flow rate, 1.0 mL/min; and detection of carotenoids at 470 nm using a UV
detector (SPD-20AV, Shimadzu).

4. Conclusions

In this study, we developed an efficient method for producing crustacyanin subunits
and used them to solubilize and concentrate carotenoids. Crustacyanin subunits with a
NusA-tag attached to their N-terminus achieved soluble expression in E. coli and solubilized
astaxanthin in aqueous solution. Astaxanthin could be concentrated by cleaving the
NusA-tag from the crustacyanin subunit followed by its precipitation with astaxanthin.
Furthermore, this method also could be applied to α-carotene and β-carotene. These results
should indicate the potential of the attaching and releasing NusA-tag method to supply a
solubilization process by attaching the NusA-tag, and a concentration process by releasing
the NusA-tag, for the production of a broad range of carotenoids.
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Abstract: Astaxanthin (AST) is a biomolecule known for its powerful antioxidant effect, which is
considered of great importance in biochemical research and has great potential for application in
cosmetics, as well as food products that are beneficial to human health and medicines. Unfortunately,
its poor solubility in water, chemical instability, and low oral bioavailability make its applications
in the cosmetic and pharmaceutical field a major challenge for the development of new products.
To favor the search for alternatives to enhance and make possible the use of AST in formulations,
this article aimed to review the scientific data on its application in delivery systems. The search was
made in databases without time restriction, using keywords such as astaxanthin, delivery systems,
skin, cosmetic, topical, and dermal. All delivery systems found, such as liposomes, particulate
systems, inclusion complexes, emulsions, and films, presented peculiar advantages able to enhance
AST properties, among which are stability, antioxidant potential, biological activities, and drug
release. This survey showed that further studies are needed for the industrial development of new
AST-containing cosmetics and topical formulations.

Keywords: astaxanthin; delivery system; skin; cosmetics; drugs; drug release

1. Introduction

Astaxanthin (AST) is a xanthophyll carotenoid that was first isolated from lobster by
Kuhn and Sorensen and was commercialized as a pigmentation agent for feed in the aquatic
farm industry [1,2]. The AST, or 3,3′-dihydroxy-β,β-carotene-4,4′-dione, is a tetraterpene
composed of 40 carbon atoms (Figure 1A), and its molecular formula is C40H5204 (molecular
mass 596.85 g·mol−1) [3,4]. This reddish-orange pigment is solid at room temperature, is
fat-soluble, and its log P (octanol/water partition) is 13.27 [4]. Furthermore, its chemical
structure is composed of 13 conjugated double bonds that have the ability to neutralize
free radicals, conferring the strong antioxidant activity of AST [3].

In recent years, AST has gained visibility and attracted attention for cosmetic and
dermatological applications, thanks to its remarkable antioxidant properties, which are
much stronger than those of tocopherol, and to its positive effects on skin health and
protection against UV radiation, which may suggest promising applications in anti-aging
products [5,6].

Regarding industrial applications, AST has been produced synthetically through cost-
effective methods for large-scale production. However, the green microalgae Haematococcus
pluvialis, due to its ability to accumulate AST at high levels, is the main source for hu-
man consumption, besides being the most promising source for its industrial biological
production [1,7]. It can be found either in plants, animals, yeasts, or other algae species.
Nowadays, it finds many applications in aquaculture, cosmetics, foods, nutraceuticals, and
pharmaceuticals [1] (Figure 1B).
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Figure 1. (A) Astaxanthin (AST) chemical structure. (B) The microalgae Haematococcus pluvialis is a
promising source for AST industrial biological production and AST applications. Diagram created
using BioRender.com (accessed on 17 August 2021).

In the foodstuffs field, AST has been widely used as a supplement and healthy
functional food, due to its neuroprotective properties and its ability to scavenge the free
radicals produced by physical exercise, improve human immunity, resist fatigue, delay
aging and prevent a number of diseases that cause organ aging. In addition, it can be used
as a food colorant and antioxidant, to enhance the sensory quality and nutritional values
of foods [8]. Oral consumption of AST-containing supplements seems to have positive
effects on the skin, such as facial skin rejuvenation [9], an increase in flap viability [10],
protection against photoaging caused by UV irradiation [11,12], and improvements in fine
lines/wrinkles, elasticity, moisture, age spot size and texture [13,14].

Topical AST application has been reported to have several skin health benefits, includ-
ing antioxidant and anti-aging effects [13,15–19], protection against UV irradiation [16,20],
anti-wrinkle [14,16,21], hydration [21], wound healing [22,23], anti-cancer properties [17],
and anti-eczema effects [13,24].

However, the low bioavailability and solubility of AST limit its use in topical formula-
tions. The development of delivery systems to improve AST’s application for skin purposes
is a promising way to develop new cosmetics and pharmaceutical products. With this goal
in mind, this article aimed to review the delivery systems described in the literature for
enhancing AST’s properties, discuss the main results of the developed formulations and
contribute to its applications in cosmetics and topical formulations.

2. Astaxanthin Delivery Systems for Skin Application

2.1. Vesicular Systems
Liposomes

Liposomes are colloidal and vesicular delivery systems, composed of at least one
bilayer amphiphilic lipid membrane and a hydrophilic core [25]. These systems have
many advantages, including the capability of encapsulating hydrophilic, hydrophobic, or
amphiphilic components, target potential, slow-release properties, and biocompatibility
due to the similarity with cell membranes, as well as biodegradability, low toxicity, ease of
preparation and the ability to extend product shelf-life [25,26]. The use of liposomes as a
drug delivery system allows partially overcoming the problems related to the poor stability,
water-solubility, and bioavailability of AST [27] (Figure 2). For skin treatment purposes,
liposomes are an excellent option for drug delivery because they can be absorbed by
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endocytosis, particularly by cells of the reticuloendothelial system, and release entrapped
drugs. They are also able to fuse with cells or exchange lipids with the cell membrane [28].
However, in aqueous solutions, liposomes have reduced vesicle flexibility, which is a
problem in the preparation of efficient liposomal formulations. In addition, absorption
from topical application to the skin requires that it reaches the stratum corneum, which
poses a challenge for the development of new alternatives to increase efficiency. The
loaded-AST liposomes studies found are summarized in Table 1.

Figure 2. Disadvantages of the topical administration of AST and the use of delivery systems to
improve the properties of the molecule, favoring skin absorption. Below: a schematic representation
of vesicular systems (liposomes and nanoliposomes) acting as delivery systems for AST. Created
with BioRender.com (accessed on 17 August 2021).

Dopierała et al. [29] have recently investigated the interactions between AST and the
lipid membrane, in terms of the thermodynamic, morphological, and viscoelastic behavior
and surface charge density, to understand how this molecule can affect liposomal forma-
tion and characteristics. The study showed that AST can be incorporated into the lipid
monolayer and form a stable film, which regulates membrane fluidity and enhances the
stability of the liposomal delivery system. Through steady-state fluorescence measure-
ments, these authors observed that the interaction between AST and the lipid membrane
reduced membrane fluidity but increased its micropolarity within a certain range of AST
concentration, giving more stability to the saturated lipid bilayer. This system appears to
be a promising way to improve lipid-based drug formulations, designing a dosage form
that may help overcome the problem of unstable bioactive compounds. In addition to
AST’s antioxidant and biological activities, it is possible to enhance the stability of other
formulations that are acting as adjuvants. Previously, Goto et al. [30] suggested that the two
terminal rings of AST are likely to interact with the hydrophilic polar region of membrane
phospholipids, and intermolecular hydrogen bonds could be formed between polar ends of
the hydroxyl-ketocarotene and polar groups of phospholipids, thus regulating the fluidity
of lipid membranes.

As an alternative liposomal delivery system, Lee et al. [31] developed liposomes
with solid-supported lipid bilayers to overcome the flexibility issues of vesicles in an
aqueous solution. Silicified liposomes were synthesized via silicification with tetraethyl
orthosilicate on the hydrophilic regions of lecithin vesicles and assembled with boron
nitride to enhance their stability. The resulting AST-loaded silicified-phospholipids boron
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nitride complex showed a release pattern and an antioxidant activity according to the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) free-radical scavenging method that is compatible with
the literature. In addition, it presents a simple and low-cost method for AST applications
in cosmetics.

Table 1. Summary of AST vesicular delivery systems, describing the preparation technique, liposome type, characterization
and stability data, and assays (in vitro/in vivo) that were performed for each system.

Preparation Technique Liposome Type Characterization
Storage and

Stability Data
Assays References

Dissolution of
hydrogenated lecithin

and treatment by a
high-pressure

homogenizer to form
nanoemulsions and

tetraethyl orthosilicate
addition to promote

silification

Lecithin silicified
liposomes

Brauner–Emmett–Teller
isotherm, field emission

scanning electron
microscopy, Fourier
transform infrared

spectroscopy, UV–visible
spectrophotometry

-

In vitro: DPPH free
radical scavenging
activity and drug

release profile

[31]

Film
dispersion-ultrasonic

technique

Soybean
phosphatidylcholine

nanoliposomes

Dynamic light scattering,
transmission electron

microscopy, X-ray
diffraction, differential
scanning calorimetry,
thermal gravimetric

analysis, and
dissolution study.

Thermal stability
enhanced after
encapsulation

In vitro: drug
release profile [27]

Lipid hydration method
Egg

phosphatidylcholine
liposomes

Dynamic light scattering -

In vitro: antioxidant
activity

In vivo: UV
treatment of mouse

dorsal skin and effect
of iontophoretic

transdermal delivery

[18]

Lipid hydration method
Egg

phosphatidylcholine
liposomes

- -

In vitro antioxidant
activity by

scavenging hydroxyl
radical, and

protective effect
against cytotoxicity

induced by
hydroxyl radical

[32]

However, regular liposomes have some disadvantages, due to their large particle
size (around 1–100 μm). As an alternative way to enhance the use of this delivery system,
Pan et al. [27] developed nanoliposomes with a lower particle size that exhibited better
penetration and new targeting properties. Using a film-dispersion ultrasonic technique
and soybean phosphatidylcholine as the lipid, AST-incorporating nanoliposomes (AST-LN)
were prepared, characterized, and evaluated for their in vitro release, compared with the
pure molecule. Nanoliposomes ensured higher encapsulation efficiency (97.5 ± 0.3%) than
in previous reports, and an average particle size of 80 ± 2 nm, which was confirmed by
transmission electron microscopy (TEM). AST-LN was 17 times more soluble than pure
AST and had good water dispersibility, without insoluble particles or precipitation. X-ray
diffraction (XRD) analyses suggested that this improvement of water solubility could
be due to the change of AST’s crystalline natural form into nanoliposomes. To evaluate
the release of AST-LN, an in vitro assay was carried out with pure AST solution and
nanoliposomes, using a dialysis bag technique, which stopped after given intervals. The
AST release from nanoliposomes after 24 h was much slower (28.74%) than from the pure
solution (95.27%), which supports the potential of continuous release from nanoliposomes.

Hama et al. [18] developed liposomal topical AST formulations to assess their action
against skin damage that has been induced by UV radiation. The lipid hydration method
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was used to prepare either neutral liposome formulations (Asx-EPC-lipo) using egg phos-
phatidylcholine (EPC) liposomes or 1,2-dioleoyl-3-trimethylammonium-propane-based
cationic liposomal formulations (Asx-DOTAP-lipo), intended to reach the skin stratum
corneum by exploiting iontophoretic delivery. The diameter of the neutral vesicles varied
from 170 μm to over 300 μm, and that of the cationic ones was around 170 ± 40 μm. The
in vitro test of antioxidant activity with singlet oxygen generation and chemiluminescence
detection showed that liposomal formulations did not interfere with AST antioxidant
activity compared with the free solution, which increased in a dose-dependent manner.
The results of in vivo tests performed to protect the skin from UV radiation showed that
pretreatment of the skin surface with Asx-EPC-lipo prevented morphological skin changes,
which suggests that liposomal AST formulation effectively prevented stratum corneum
thickening by scavenging reactive oxygen species (ROS). The effect of iontophoretic trans-
dermal delivery with cationic Asx-DOTAP-lipo pretreatment resulted in the significant
inhibition of UV-induced melanin production in the basal laminae region. This result sug-
gests that this formulation prevented melanocyte activation by efficiently scavenging ROS
in deep regions of skin exposed to UV irradiation, acting as a potential whitening agent.

In another article, Hama et al. [32] compared the hydroxyl radical scavenging activity
in an aqueous solution of Asx-EPC-lipo, prepared by the method of lipid hydration using
EPC as the lipid base with those of β-carotene and α-tocopherol liposomes. The average
diameter of EPC-lipo increased from 150 μm to over 300 μm, alongside increasing the
amount of entrapped AST. Chemiluminescence intensity, which was assessed by the Fenton
reaction to check the scavenging potential of AST and its encapsulated formulations,
decreased in a dose-dependent manner with respect to AST in EPC-lipo. In addition, AST-
containing liposomes were more powerful than either EPC-lipo-encapsulated β-carotene or
α-tocopherol. An in vitro cytotoxicity test was performed to evaluate if Asx-EPC-lipo could
protect a cultured mouse skin fibroblast cell line (NIH3T3 cells) against hydroxyl radicals
damage. Results showed that the formulation prevented hydroxyl radical cytotoxicity
in a dose-dependent manner since liposomes could suffer from cell endocytosis, and
suggested that this effect was probably due to the action on the cell surface of AST molecules
distributed in the plasma membranes.

2.2. Emulsions
2.2.1. Microemulsions

Microemulsions are thermodynamically stable transparent delivery systems formed by
droplets dispersed on a liquid phase, which are capable of forming spontaneously and have
low interfacial energy and size, ranging from about 10 nm to 100 nm (Figure 3A) [33,34].
Zhou et al. [35] developed AST oil/water microemulsions and checked the effect of different
antioxidants either alone or in combination as additives to improve their stability. The
microemulsion prepared with AST alone, with Tween 80 as an emulsifier and ethanol in
buffer solution, retarded AST degradation, thereby proving to be an excellent alternative to
improve emulsions for AST delivery.

2.2.2. Nanoemulsions

Nanoemulsions are thermodynamically and kinetically stable systems with nanoscale
droplet sizes (100 nm to 400 nm) [33], uniform size distribution, and physicochemical and
biological properties different from those of other emulsions (> 500 nm) (Figure 3A) [36].
The small droplet size, the scarce probability of coalescence and flocculation, effective de-
livery of active ingredients, rapid penetration, long-lasting effects, and uniform deposition
onto the skin make them suited for use in the personal care, cosmetic, and health science
fields [37]. Articles on micro- and nanoemulsions are described in Table 2.
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Figure 3. Schematic representation of AST delivery systems. (A) Emulsions: AST microemulsions
and nanoemulsions; (B) particulate systems: AST microparticles and nanoparticles; (C) inclusion
complexes: AST cyclodextrins (CDs); (D) films: AST polymeric films. Created with BioRender.com
(accessed on 17 August 2021).

To obtain stabilized cosmetic products with anti-wrinkle, anti-aging, and humectant
properties, Kim et al. [37] prepared oil/water AST nanoemulsions using glycerol esters such
as glyceryl citrate, lactate, linoleate and oleate as alternative emulsifiers to the traditional
hydrogenated lecithin. Nanoemulsions were studied in terms of their physicochemical
properties, such as the emulsifier type and concentration, preparation conditions, and AST
concentration, and were characterized by a freeze-fracture scanning electron microscope
(FF-SEM), TEM, and high-performance liquid chromatography (HPLC). Nanoemulsions,
with zeta potential in the range from −10 to −57 mV and an average particle size of 170 nm,
were progressively more unstable with the increase in particle size when hydrogenated
lecithin was used.

Hong et al. [38] prepared AST nanoemulsions that were functionalized with car-
boxymethyl chitosan, to investigate its effects on the droplet size, stability, skin perme-
ability and cytotoxicity of the formulation. For this purpose, the low-energy emulsion
phase inversion method was used, which, in addition to preventing AST degradation
during nanoemulsion preparation, has the advantages of a low cost, high energy efficiency,
simplicity of production and easy scale-up. Results showed improvement in chemical
stability and skin permeability, while the small droplet size, satisfactory physical stability,
and low cytotoxicity were not affected by the functionalized nanoemulsion.

In a comparative study, Shanmugapriya et al. [39] prepared uniform and stable
oil/water nanoemulsions containing AST or α-tocopherol by the spontaneous and ul-
trasonication emulsification methods, using an experimental design for optimization. The
AST-containing nanoemulsions displayed anticancer, wound healing and antimicrobial
effects, which suggests their use in formulations for the treatment of skin cancer and
wound healing, for example via incorporation into films. The same research group [39]
used AST and α-tocopherol nanoemulsions with κ-carrageenan to verify topical wound
healing effects in vitro and in vivo. Results suggested the treatment as a good alternative
for wounds in diabetic cases with higher activity in a shorter time.
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Table 2. Summary of AST emulsions delivery systems, describing the preparation technique, emulsion type, characterization
and stability data, and assays (in vitro/in vivo) that were performed for each system.

Preparation
Technique

Emulsion Type Characterization
Storage and

Stability Data
Assays (In Vitro, In

Vivo)
References

High-pressure
homogenization

Oil/water
nanoemulsion,

glyceryl ester and
hydrogenated

lecithin as emulsifiers

Dynamic light scattering
and transmission electron

microscopy

Stability maintained
for one month of

storage
- [37]

Low-energy
emulsion phase

inversion method

Oil/water
nanoemulsion
functionalized
carboxymethyl

chitosan

Droplet size, zeta
potential and

transmission electron
microscopy

Stability without
alteration for three

months

In vitro: skin permeation
studies,

Cell viability assays on
L929 cells,

Cell culture and
cytotoxicity assays

[38]

Spontaneous and
ultrasonication
emulsification

methods

Oil/water
nanoemulsion

Dynamic light scattering
and transmission electron

microscopy

Interference of
storage conditions

In vitro: cytotoxicity
(MTT assay),

antimicrobial activity and
scratch wound
healing assay

[39]

Spontaneous and
ultrasonication
emulsification

methods

Oil/water
nanoemulsion

Dynamic light scattering
and transmission electron

microscopy, Fourier
transform

infrared spectroscopy,
differential scanning

calorimetry, X-ray
diffraction, thermal

gravimetric analysis, and
scanning electron

microscopy

-

In vitro: cytotoxicity
(MTT assay), scratch
wound-healing assay.

In vivo: wound healing
in nondiabetic and

diabetic mice

[40]

Oil phase dispersed
with AST in ethyl

butyrate and
homogenizing with
aqueous phase in a
high-speed blender
and high-pressure

microfluidizer

Oil/water
microemulsions

Dynamic light scattering
and UV-visible

spectrophotometry
- - [35]

2.3. Particulate Systems

Particulate systems are delivery systems that include nano/microspheres and nano/
microcapsules (Figure 3B) [25]. Whereas nano/microspheres are dispersions of active ingre-
dients in polymeric matrices, nano/microcapsules are reservoirs where distinct domains of
core and wall material are present. These formulations create a compatible environment
for susceptible molecules and protect them from light, oxygen, pH, heat, enzymatic degra-
dation and other external factors that can affect their stability [41]. Microencapsulation
technologies are widely used in cosmetic products to increase stability, protect against
degradation, promote safe administration and allow controlled and targeted release [42].
Particle size varies from around one micron to a few millimeters, providing a large surface
area available to develop active ingredients. Nanoparticles involve particulate systems
in the nano range, providing a larger surface area that is available for adsorption and
desorption sites, chemical reactions, light scattering, etc. [42]. Studies on which particulate
systems have been used are summarized in Table 3.
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Table 3. Summary of AST particulate delivery systems, describing the preparation technique, system type, characterization
and stability data, and assays (in vitro/in vivo) that were performed for each system.

Preparation
Technique

System Type Characterization
Storage and

Stability Data
Assays References

AST
microencapsulation

by response
surface methodology

Oil bodies (isolated
from mature seeds)

microcapsules

Fourier transform
infrared spectroscopy

(FT-IR), flow cytometry
and microscopy

Oxidative stability,
double half-life

compared to free AST
In vitro: absorption assay [43]

Multiple emulsion/
solvent evaporation

Chitosan matrix
cross-linked with
glutaraldehyde
microparticles

AST extract analysis by
high-performance liquid
chromatography (HPLC)

Pigment quantity
during microcapsules
storage at 25, 35 and

45 ◦C

In vitro: storage stability
evaluation [44]

Extrusion Calcium alginate
microparticles

Analysis of AST content
by HPLC

Various
environmental

conditions: light,
temperature and

nitrogen gas

In vitro: assay of
AST content [45]

Supercritical
anti-solvent

Poly(L-lactic acid)
microspheres

Scanning electron
microscopy (SEM),

transmission electron
microscopy (TEM), FT-IR,
X-ray diffraction (XRD),

thermal gravimetric
analysis (TGA),

differential scanning
calorimetry (DSC),

UV-visible
spectrophotometry

6-Month
measurements by

UV–vis
spectrophotometry

In vitro: assay of AST
content and AST

release profile
[46]

Emulsion solvent
evaporation

Poly(lactic-co-
glycolic acid) (PLGA)

copolymer
nanoparticles

Dynamic light scattering
(DLS), SEM, TEM,

FT-IR, XRD, TGA, DSC
-

In vitro:
anti-photodamage effect

in HaCaT cells
[47]

Hot homogenization Nanostructured lipid
carriers

DLS, atomic force
microscopy, SEM

Samples stored at 4
◦C, protected from
light for 1 month

In vitro: antioxidant
activity by the

α-tocopherol equivalent
antioxidant

capacity assay

[48]

Macromolecular
co-assembly

combined with
solvent evaporation

Natural DNA and
chitosan nanocarriers

DLS, TEM, field emission
SEM, HPLC (AST

content)
-

In vitro: oxidative stress,
cytotoxicity (MTT assay)

and cell uptake assay
[49]

Antisolvent
precipitation method

combined with
electrostatic

deposition method

PLGA and chitosan
oligosaccharides

nanoparticles

DLS, SEM, TEM, FT-IR,
XRD, DSC

72 h of storage at
room temperature

In vitro: cytotoxicity and
AST release profile [50]

Solvent displacement
process

Ethylcellulose,
Poly(ethylene oxide)
4-methoycinnamoyl-

phthaloylchitosan
and

poly(vinylalcohol-
covinyl-4-

methoxycinnamate
nanospheres

SEM, TEM Thermal stability In vitro: AST
release profile [51]

2.3.1. Microparticles

Higuera-Ciapara et al. [44] developed non-homogeneous-sized AST microcapsules
with a diameter of 5–50 μm, using a chitosan matrix cross-linked with glutaraldehyde by
the multiple emulsion/solvent evaporation method. The system stability was evaluated
based on retained pigment quantity during microcapsule storage at 25, 35 and 45 ◦C, which
was quantified weekly by HPLC. For any of the treatments, the results did not show a
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marked decrease in AST concentration in the microcapsules, and AST was maintained in
stable conditions, as evidenced by poor isomerization and pigment degradation.

Oil bodies (OB) are minute plant organelles similar to liposomes, with 0.5–2.0 μm
diameter, consisting of an oil core surrounded by a phospholipid monolayer with a pro-
teinaceous membrane, and these are used to deliver phytohormones and other hydrophobic
compounds in plants. These structures, which have been isolated from rapeseeds, have
been shown to constitute a novel type of microcapsule that is suitable for the extraction
of hydrophobic organic compounds from aqueous environments [52]. Hydrophobic com-
pounds like AST that are used in cosmetics have been loaded into these systems, to protect
them from oxidation. Acevedo et al. [43] developed AST microcapsules (AST-M) with OB
extracted from Brassica napus seeds with high microencapsulation efficiency (>99%) and
used a response surface methodology to optimize the microencapsulation conditions. The
AST-M were examined by optical microscopy, which evidenced morphological stability,
autofluorescence, spherical structures and an AST presence in the core. Their larger mean
diameter (3.4 ± 0.5 mm) compared to those containing OB alone (1.56 ± 0.06 mm) was
likely due to the AST intercalation into microcapsule monolayer, as previously described
by other authors. Stability studies showed high stability of microcapsules to aggregation
and coalescence, as well as a double half-life in the presence of air and light exposure
compared with free AST, thereby highlighting the protective role of OB against AST degra-
dation. After 2 h of cell incubation (CRL1730 endothelial cell line), antioxidant assays
demonstrated the higher antioxidant power of AST-M in comparison with free AST, which
was dose- and time-dependent. The cell viability assay did not show any cell toxicity,
and microencapsulated AST displayed higher oxidative stability than its free counterpart.
The authors suggested that the use of OB as a new delivery system is promising for the
cosmetic field because it joins once in contact with the skin, releasing the antioxidant safely,
and offers a new and natural carrier to deliver stable AST.

Lin et al. [45] searched for the best conditions to prepare AST that is encapsulated in
sodium alginate beads, varying the concentrations of calcium chloride solution, medium,
sodium alginate solution as the encapsulation agent, and Tween 20 as a surfactant, and
selecting the average yield weight, microencapsulation yield, the average size of beads and
loading efficiency as the responses. It seemed that the higher the alginate concentration, the
higher the average weight and size of the beads. Different conditions of three-week storage
were tested for free AST, AST encapsulated in various formulations, and a commercial
product with 10% AST, in terms of bioactive content. The percentage of AST amount
retained after storage was higher (90%) for beads compared to the controls without encap-
sulation, which suggests that the matrix covering the molecule protected it from thermal
degradation and oxygen attack.

AST microspheres were developed by Liu et al. [46] using the supercritical anti-solvent
(SAS) process and poly (L-lactic acid) as the polymeric carrier. The authors believe that
this alternative method has great potential for preparing encapsulation systems, thanks
to its single-pass process and mild operating conditions, to prevent the degradation of
AST and other sensitive molecules. SAS operating conditions were varied according to
an orthogonal experimental design to elucidate encapsulation circumstances. Optimal
conditions ensured an encapsulation efficiency of 91.5% and a mean particle size of 954.6
nm. Characterization assays proved the formation of uniform particles and the amorphous
state of AST encapsulated in the matrix, while 6-month storage tests at 40 ◦C showed the
enhancement of its stability.

2.3.2. Nanoparticles

Poly(lactic-co-glycolic acid) (PLGA) is a copolymer recently proposed for use in top-
ical formulations to prevent and treat photodamage, one that is non-toxic and can be
hydrolyzed in vivo into its biodegradable monomers, i.e., lactic and glycolic acids [53].
PLGA-AST nanoparticles (AST-PLGA NP) were developed by Hu et al. [47] in an op-
timization study, based on an experimental design, aiming to maximize encapsulation
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efficiency (96.42 ± 0.73%) and drug-loading capacity (7.19 ± 0.12%), and to simultaneously
minimize particle size (154.4 ± 0.35 nm). Fourier transform infrared (FT-IR) spectroscopy,
differential scanning calorimetry and thermogravimetric analyses confirmed AST encapsu-
lation within PLGA nanoparticles, while XRD analysis suggested its amorphous state, and
scanning electron microscopy (SEM) and TEM evidenced globular nanoparticles without
drug crystals. This would contribute to easier penetration compared to pure AST, and
would afford good size distribution. To evaluate the capacity of cellular uptake, an in vitro
model with a fluorescent probe was performed with HaCaT cells, an aneuploid immortal
keratinocyte cell line. The results showed cellular uptake of the nanoparticles that increased
in a time-dependent way. In vitro cytotoxicity, assessed by the MTT assay, showed no
significant decrease in cell viability, while AST-PLGA NP increased cell viability and had
stronger antioxidant activity, compared to pure AST. Protection by scavenging free radicals
was performed on the same cell line, and pure AST and AST-PLGA NP displayed similar
antioxidant properties.

Chitosan nanoparticles are promising as drug delivery systems, due to their biocom-
patibility, biodegradability, atoxicity, bioactivity, and large target options triggered by their
cationic character [54]. Chitosan and natural DNA were used by Wang et al. [49] as oppo-
sitely charged biomaterials, to develop a nanoparticle system to deliver and release AST.
Thus, AST-loaded DNA/chitosan (ADC) and empty nanocarrier (DNA/CS) were prepared
by macromolecular co-assembly combined with the solvent evaporation method, and their
antioxidant activities and cellular uptake were assessed. Both showed a positive surface
charge, due to the predominant cationic characteristic of chitosan, and very close zeta
potential (35.3 and 32.2 mV, respectively), which suggests that AST incorporation did not
influence this parameter. The larger average particle size of ADC (211 ± 5 nm) compared
to DNA/CS, and its PDI of 0.29 ± 0.01, confirmed its nano scale, good dispersity, and AST
entrapment. The AST content in ADC was higher than in ethanol solution, confirming
enhancement of its solubility. The MTT assay, performed to assess the cytoprotective
effect, showed that ADC prevented the deleterious effect of H2O2 on cell viability more
than vitamin C (positive control) and free AST, in spite of a vitamin C concentration that
was three times higher than that of AST, likely due to the facilitated endocytosis of ADC
nanoparticles. The ROS scavenging efficiency of ADC nanoparticles was twice that of free
AST at the same bioactive concentration.

Liu et al. [50] prepared an innovative type of nanoparticle to improve solubility and
stability, using chitosan oligosaccharides (COS) to coat PLGA AST nanoparticles (Ax-
PLGA@COS NP). To prepare AST-loaded PLGA nanoparticles, a two-step process was
used, which consisted of antisolvent precipitation, followed by coating nanoparticles
with COS by electrostatic deposition. The formulation was characterized in terms of
encapsulation efficiency, morphology, PDI, zeta potential and particle size, while the
stability of nanoparticles was evaluated in terms of changes in their color and particle
size during 72 h of storage at room temperature. Ax-PLGA@COS NP suspensions had a
uniform orange color that did not change appreciably during storage. Furthermore, no
particle aggregation or sedimentation was observed in these systems, and the formulation
showed no cytotoxicity to Caco-2 cells.

Due to AST’s susceptibility to heat, Tachaprutinun et al. [51] aimed to assess the resis-
tance to thermal degradation of AST nanoparticles prepared by the solvent displacement
process, using three different polymers, namely poly(ethylene oxide)-4-methoxy cinnamoyl
phthaloyl-chitosan (PCPLC), poly(vinylalcohol-co-vinyl-4-methoxycinnamate) (PB4) and
ethylcellulose (EC). While EC was inefficient and PB4 poorly efficient for encapsulating the
bioactive compound, PCPLC allowed for an encapsulation efficiency of 98%, a loading of
~40%, and a 312 ± 5.83 nm particle size. In thermal degradation tests performed at 70 ◦C
for two hours, most of the free AST was degraded, while the nanoparticle formulation was
able to protect the molecule from degradation.

Solid lipid nanoparticles (SLN) are colloidal particles prepared from solid lipids,
surfactants, the active ingredient and water. This method has shown several advantages,
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including the use of biocompatible lipids, high in vivo stability and a wide application
spectrum. However, they have limitations, such as a low drug-carrying capacity and
drug leakage during storage. Thus, nanostructured lipid carriers (NLC) emerge as second-
generation lipid nanoparticles to overcome these deficiencies [55].

NLC are obtained using lipids (solids and liquids) and emulsifiers, forming a solid
lipid matrix at body temperature that is capable of incorporating hydrophobic and hy-
drophilic molecules [25]. This matrix has promising potential for the pharmaceutical and
cosmetics industry due to its beneficial effects, such as skin hydration, occlusion, greater
bioavailability, and targeting application to the skin [55].

In this sense, Rodriguez-Ruiz et al. [48] developed an innovative possible solution
with a green chemistry process formulation of AST-loaded nanostructured lipid carriers
(NLC). The compounds used to synthesize NLC by the hot homogenization method
were sunflower oil as the liquid lipid, glyceryl palmitostearate as the solid lipid, and
Poloxamer 407 and Tween 80 as the surfactants. AST-loaded NLC and AST-free NLC
were characterized by dynamic light scattering (DLS), atomic force microscopy (AFM) and
SEM. DLS analysis showed that for the former particle size of 60 ± 7 nm, a polydispersity
index (PDI) of around 0.33 ± 0.09 and zeta potential of −25.5 ± 0.7 mV were achieved,
which is indicative of stability. The AFM and SEM analyses demonstrated nanoparticle
spherical shape and nanoscale. To evaluate the stability, samples were stored for one month,
protected from light, at low temperatures. Results showed no significant change in the
size, PDI and zeta potential of both preparations. No less than 90 ± 5% of the starting
AST content in NLC was observed after this time, and the additional effect of antioxidants
present in sunflower oil seemed to protect the bioactive compound from oxidation. The
antioxidant potential determined by the α-tocopherol equivalent antioxidant capacity
assay demonstrated an inhibition curve slope that was almost double for AST-loaded NLC
compared to the control, confirming the high antioxidant activity of AST [48].

2.4. Inclusion Complexes
Cyclodextrin

Cyclodextrins (CDs) are a family of cyclic polysaccharides used to form inclusion
complexes with a wide variety of substances used in pharmaceuticals, drug delivery
systems, cosmetics, and in the food and chemical industries [56]. Their molecular structure
is composed of a cavity size, which is determined by the number of glucose units, where
the space inside the cyclodextrin molecules allows the formation of inclusion complexes
with poorly soluble compounds (Figure 3C) [56]. The inclusion of guest molecules into
CDs can change their physical and chemical properties, as well as increasing their water
solubility and stability [57]. The CDs are an excellent alternative for the inclusion of a
variety of natural compounds, such as oils [58,59] and other compounds [60,61]. The AST
inclusion complexes with cyclodextrin are summarized in Table 4.

One of the first studies on the inclusion of AST in CDs to enhance its solubility for
topical applications was developed by Lockwood et al. [62]. When used in proportions
from 0 to 60% (w/v), a sulfobutyl ether β-cyclodextrin was shown to complex with crys-
talline AST. At 60%, AST water solubility has increased by more than 50 times, and the
implementation of a pre-solubilization process could increase it by 71 times over the parent
compound in water.

Kim et al. [63] prepared AST inclusion complexes with various types of CDs in differ-
ent ratios, characterized each formulation by HPLC, SEM and FT-IR, and evaluated their
28-day stability and water solubility under different conditions of pH, light, temperature
and oxidation. To minimize the costs, a β-cyclodextrin (β-CD) that is widely used in food
and cosmetics applications was used for comparison. Inclusion complexes formed at the
AST ratio of 1:200, and the host molecule showed a uniform shape and particle size. β-CD
was proved to incorporate AST, with an inclusion yield higher than 90%, and the solubility
of the resulting AST-loaded inclusion complex was 13-fold at 25 ◦C and about 100-fold
that of free AST at a pH of 6.5. In the stability study, the yield of the inclusion complex
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remained above 80% after 21 days of UV irradiation, while the free AST was completely
degraded. In addition, it proved stable against oxidation, was favored by acidic conditions
and exhibited greater temperature resistance for industrial processing.

Table 4. Summary of AST cyclodextrins (CDs) delivery systems, describing the preparation characterization, storage and
stability data, and assays (in vitro/in vivo) that were performed for each system.

CDs Characterization
Storage and

Stability Data
Assays References

β-cyclodextrin (β-CD)

High-performance liquid
chromatography (HPLC),

scanning electron
microscopy and Fourier

transform infrared
spectroscopy (FT-IR)

Stability enhanced by over
7–9 folds under various

storage conditions such as
pH, temperature,

ultraviolet irradiation, and
presence of oxygen

In vitro: water solubility [63]

Sulfobutyl ether β-CD UV-visible
spectrophotometry - In vitro: water solubility [62]

β-CD HPLC
Storage at 4, 30, 57 ◦C and
under light (light intensity

of 1500 lux)
In vitro water solubility [57]

Hydroxypropyl-
β-cyclodextrin (HP-β-CD)

Thermogravimetry,
UV-visible

spectrophotometry, FT-IR,
molecular modeling,

nucleic
magnetic resonance

Stability under oxygen
and light at 4, 25 and 50

◦C, storage at 4 and 25 ◦C
in dark

incubators

In vitro: water solubility,
antioxidant capacity by reducing

power, DPPH free radical
scavenging

activity and hydroxyl radical
scavenging activity

[64–66]

HP-β-CD FT-IR, UV-visible
spectrophotometry

Storage at 6 ◦C under light
protection for 6 months

In vitro cytoprotective activity of
HP-β-CD complex.

Direct biological evaluation of
HP-β-CD antioxidant capacity
Indirect HP-β-CD antioxidant

protection against reactive
oxygen species

[67]

Chen et al. [57] prepared an AST β-cyclodextrin complex and measured its water
solubility and stability to heat and light. Complex formation was checked by infrared
spectroscopy and HPLC, showing an inclusion yield of 48.96%. The water solubility of
AST was slightly increased, while its heat stability was greatly enhanced compared to the
free bioactive compound.

Hydroxypropyl-β-cyclodextrin (HP-β-CD) is a hydroxyalkyl derivative alternative to
parent CDs, which offers improved water solubility and is slightly more friendly from a
toxicological standpoint [68]. Yuan et al. [64] prepared a new water-soluble formulation of
AST with HP-β-CD, analyzed its thermal behavior, and investigated its stability in heat
and light. The inclusion yield of the formulation was 46.5%, and no less than 200 mg/mL
of it was dispersed in water. Water solubility was greatly enhanced (>1.0 mg/mL) in
comparison with the previous study, due to the higher solubility of HP-β-CD compared
with β-CD. On the other hand, the overall amount of AST entrapped in the inclusion
complex was lower, likely because the hydroxypropyl substituent concentrated at the
edge of the CD cavity made the entry of AST molecules more difficult. In 2012, the same
research group studied this complex via UV-Vis, FT-IR, 1H nuclear magnetic resonance
(NMR) spectroscopies and molecular modeling, to enhance knowledge about the molecule
structure [65]. Storage stability at 4 and 25 ◦C was higher than that of free AST, while
in vitro antioxidant tests showed greater antioxidant activity than ascorbic acid [66].

To prevent antioxidative stress on endothelial cells, Zuluaga et al. [67] developed a
similar complex with AST and HP-β-CD. The differential of this study was the direct and
indirect measurement of its antioxidant capacity by understanding the cells’ molecular
mechanisms involved in gene expression. Results showed that the inclusion complex for-
mulation could protect cells by activating endogenous AST systems through the Nrf2/HO-
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1/NQO1 pathway, in addition to the enhancement of solubility due to its incorporation
into the cyclodextrin core.

2.5. Films

Topical film-forming systems are drug delivery systems for topical applications that
are capable of adhering to the skin, forming a thin transparent film that provides delivery
of the active ingredients to the body tissue (Figure 3D) [69]. These systems are composed
of the drug- and film-forming agents in a volatile vehicle, which evaporates in contact with
the skin [69]. Even though it is a promising option for topical drug delivery, the literature
on the incorporation of AST as a way to exert antioxidant effects on the skin is scarce.

Veeruraj et al. [23] prepared films to demonstrate the wound healing properties of
AST when incorporated in collagen films. In vivo assays were performed to assess tissue
regeneration and drug delivery from the formulation, and in vitro assays to check the
antioxidant activity. In addition to the AST collagen film, a gentamicin-incorporating
collagen film was developed to assess its antibiotic effects. The filming agent and AST were
extracted from the waste material of the outer skin of the squid Doryteuthis singhalensis,
which is an innovative and sustainable alternative for the development of this delivery
system. Biodegradation tests showed that film materials degraded more rapidly than the
collagen matrix, suggesting the controlled degradation of collagen materials. Wound heal-
ing activity was measured by the reduction of the non-healing area in the healing process,
occurring over 21 days. The untreated control exhibited the lowest wound contraction,
whereas the AST collagen film showed the highest one among the experimental groups, as
well as the fastest wound-healing progress, with complete healing in 15 days. Antioxidant
assay by the DPPH free radical scavenging method showed the higher activity of AST
collagen film compared to ascorbic acid. The main information on this article is presented
in Table 5.

Table 5. Summary of AST film delivery systems, describing the preparation technique, filming agent, characterization and
stability data, and assays (in vitro/in vivo) that were performed for the system.

Preparation Technique Filming Agent Characterization
Storage and

Stability Data
Assays

Collagen solution
incorporating AST and

gentamicin

Biomaterials extracted
from the waste material
of the outer skin of the

squid
Doryteuthis singhalensis

Scanning electron
microscopy, energy

dispersive X-ray
spectroscopy, X-ray

diffraction

-

In vitro: biodegradation study
and DPPH free

radical scavenging activity
In vivo:

wound-healing activity

3. Discussion

Liposomes in themselves are relatively unstable delivery systems because of their
membrane instability in aqueous solution, which can affect their bioavailability and phar-
macological effect, the addition of adjuvants being necessary to bring more rigidity and
stability. AST seems to enhance the liposomes’ stability when on the membrane, which
helps its delivery. The strategy of adding other adjuvants to improve membrane rigidity
seems to be necessary to ensure stability, which should be taken into account when assess-
ing production costs. Reducing the particle size with the development of nanoliposomes
seems to be an excellent alternative method to improve their stability and consequently
their penetration, solubility, and continuous release; however, it is still necessary to consider
the machinery and costs involved. Another innovative alternative method to deliver AST
on deep skin layers is the use of the iontophoretic technique with charged delivery systems,
developed with liposomes, which makes it possible to reach the stratum corneum and act
as a whitening agent.

Emulsion delivery systems, especially nanoemulsions, are an effective and widely
applied form to deliver bioactive compounds in medicines and cosmetics. Due to the
hydrophobic character of AST, most of the nanoemulsions prepared in the literature are
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oil/water systems. Studies based on experimental design allow researchers to identify the
best conditions for nanoemulsion preparation, with reduced time and costs of research.
In addition, nanoemulsions can be incorporated in other delivery systems, such as films,
which can significantly improve their biological effects and their acceptance by the patient
or customer. Unfortunately, only one article was found concerning the use of microemul-
sions in dermatological and cosmetics applications. More investment in research on this
new product delivery system is desirable.

Particulate systems are a promising alternative way to develop innovative formula-
tions for AST delivery, thanks to the possibility of using different matrix components and
methods to form spheres and capsules at micro- or nanoscale. Similar to nanoemulsions,
studies based on experimental design can be performed to optimize the conditions needed
to prepare particulate systems. It is important to consider alternative methods, to prevent
AST degradation. Some articles on particulate systems considered in this review presented
either ecological or natural alternatives to develop delivery systems, which can aggregate
to more sustainable products.

The use of CDs as systems to guest AST in inclusion complexes is able to significantly
improve the solubility of hydrophobic compounds like AST. However, it would be neces-
sary to have a greater number of inclusion complexes, in order to carry out a comparison by
which to identify the most advantageous system. From the results examined in this review,
it is possible to state that AST can form inclusion complexes either with natural CDs, such
as β-CDs, or with modified CDs, such as hydroxypropyl β-CD. Films for the delivery of
bioactive compounds on the skin are an alternative, especially for wound healing and
scald treatments. The antioxidant effect accelerates the healing process, due to its anti-
inflammatory activity. The AST-incorporating films may also be applied as an easy adjunct
treatment, to treat skin cancer, which should be considered in the research. In addition,
AST seems to act merely as an active principle, which requires a film-forming agent such
as collagen, chitosan, cellulose derivatives, and others to create the film structure.

The systems that seem to be more developed and robust are the emulsions and the
particulate systems, given the large number of articles and assays performed on them.
However, they are not the only systems to consider. On the other hand, the limited studies
carried out on other systems, many of which are not mentioned in this review article, show
opportunities for the development of new and innovative formulations. Examples are solid
dispersions, transdermal systems, and others.

4. Conclusions

The aim of this article was to review the literature about the development of new
systems for loading AST for cosmetics and topical usage. Delivery systems are useful for
the improvement of the physicochemical profile of this compound, such as stability, water-
solubility, antioxidant properties, drug release, and in vivo and in vitro biological activities.
Therefore, the delivery systems for loading AST described in this article create opportunities
for industrial applications; however, other industrial issues for the development of new
products must be evaluated. Moreover, AST-optimized products become potentially
attractive for the development of further studies, due to the antioxidant properties and
benefits of AST.
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Abstract: Phaeodactylum tricornutum is a rich source of fucoxanthin, a carotenoid with several health
benefits. In the present study, high performance countercurrent chromatography (HPCCC) was
used to isolate fucoxanthin from an extract of P. tricornutum. A multiple sequential injection HPCCC
method was developed combining two elution modes (reverse phase and extrusion). The lower phase
of a biphasic solvent system (n-heptane, ethyl acetate, ethanol and water, ratio 5/5/6/3, v/v/v/v)
was used as the mobile phase, while the upper phase was the stationary phase. Ten consecutive
sample injections (240 mg of extract each) were performed leading to the separation of 38 mg
fucoxanthin with purity of 97% and a recovery of 98%. The process throughput was 0.189 g/h,
while the efficiency per gram of fucoxanthin was 0.003 g/h. Environmental risk and general process
evaluation factors were used for assessment of the developed separation method and compared
with existing fucoxanthin liquid-liquid isolation methods. The isolated fucoxanthin retained its
well-described ability to induce nuclear translocation of transcription factor FOXO3. Overall, the
developed isolation method may represent a useful model to produce biologically active fucoxanthin
from diatom biomass.

Keywords: fucoxanthin; Phaeodactylum tricornutum; high performance countercurrent chromatography
(HPCCC); countercurrent chromatography (CCC); centrifugal partition chromatography (CPC)

1. Introduction

Fucoxanthin (Figure 1) is an orange carotenoid found in brown seaweeds and some
classes of microalgae, especially diatoms [1]. Unlike other carotenoids found in nature,
fucoxanthin has a unique molecular structure composed of an unusual allenic bond, a 5,6-
monoepoxide and nine conjugated double bounds [2]. This carotenoid has been mainly iso-
lated from seaweeds and widely investigated for its biological properties [2,3]. Its benefits
include anti-obesity [4–7], anti-diabetic [8], anti-inflammatory [9–11], anti-cancer [12–15]
and antioxidant [3,16–20] effects. Moreover, fucoxanthin has been previously described
to induce nuclear translocation of the transcription factor FOXO3, which inhibits the fi-
bronectin and collagen IV expression as well as oxidative stress, resulting in the reduction
of fibrosis in diabetic nephropathy [21,22]. Commercial products containing brown algae-
sourced fucoxanthin which are mainly used for weight and fat control include Solaray
Fucoxanthin from SolarayVR, fucoTHIN from Garden of Life [23] and ThinOgen Fucoxan-
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thin from BGG [24]. Only one product (FucoVitalTM from Algatech, Ketura) containing
fucoxanthin from the diatom Phaeodactylum tricornutum is commercially available [23].

 

Figure 1. Chemical structure of fucoxanthin.

Diatom microalgae have gained attention as a valuable source of fucoxanthin since
its biomass content can be enriched up to ten times more than for macroalgae [3]. Among
diatoms, P. tricornutum “the model diatom” is one of the most studied species. Until now,
most of the efforts devoted to exploit P. tricornutum as a source of fucoxanthin have been
mainly focused on culture optimization, reaching fucoxanthin contents up to 16 mg [25] and
26 mg [26] per gram dry weight. Fucoxanthin has an increasing demand in nutraceutical,
cosmetic and food industry sectors and its total global market size is expected to reach
USD 107.4 million in the period from 2020 to 2025 [27].

So far, the methods reported for the isolation of fucoxanthin from algae have required
the use of liquid-solid chromatography [25,28–33], which includes multi-step procedures.
Fucoxanthin-enriched extracts have been also produced through enzyme-assisted extrac-
tion followed by co-solvent extraction [34], aqueous two-phase systems (ATPS) extraction
system [35], supercritical CO2 extraction [36], pressurized liquid extraction [37,38], pres-
surized subcritical extraction [26] and subcritical fluid extraction [1]. Despite the afore-
mentioned efforts for obtaining fucoxanthin from algal biomass, it has been noted that
low cost, simple and scalable isolation methods still require to be developed [23,39]. In
these circumstances, liquid-liquid chromatography such as countercurrent chromatogra-
phy (CCC) is able to play an essential role, as it takes advantage of its liquid stationary
phase. CCC does not use any solid support and the stationary and the mobile phases are
liquids [40]. The stationary phase is immobilized in the column by means of a centrifu-
gal force field generated by the column spinning, whereas the mobile phase is pumped
through the column. The separation of target compounds from a mixture is based on
the difference in their partitioning between the two immiscible phases. Given that this
technology lacks solid support, it has many advantages over the solid chromatographic
techniques including large sample loading capacity, low risk of irreversible adsorption and
sample denaturation, high sample recovery, low consumption of solvents and great opera-
tional versatility, since the roles of mobile and stationary phases can be exchanged during
the chromatographic operation [40–42]. The capacity of countercurrent chromatography
for obtaining valuable compounds from microalgae biomass has been widely demon-
strated [42–48] and its application at industrial level is already a reality [49]. High-speed
countercurrent chromatography (HSCCC) has been used for the isolation of fucoxanthin
from edible brown macroalgae species such as Laminaria japonica, Undaria pinnatifida and
Sargassum fusiforme [50] applying a single sample injection method. Centrifugal partition
chromatography (CPC), another variant of liquid-liquid chromatography, was also used in
two steps to isolate fucoxanthin from the macroalgae Eisenia bicyclis [51] and in one step
followed by flash chromatography to produce fucoxanthin from the microalgae Tisochrysis
lutea [52]. The present study reports, for the first time, an efficient and scalable HPCCC
isolation method to obtain fucoxanthin from the diatom P. tricornutum using a multiple
sequential-injection separation strategy. The developed method does not need to align with
another chromatographic technique to achieve the desired purity. The biomass extraction
and HPCCC isolation process were unified using the same solvent system to improve the
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fucoxanthin final recovery. The isolated compound was found to maintain its described
bioactivity as inductor of nuclear translocation of the transcription factor FOXO3.

2. Results and Discussion

2.1. Extract Preparation

In order to achieve a high recovery of target compounds, the isolation process should
be preceded by an efficient extraction method. Generally, the solvent used for obtaining
biomass extracts is not the same to that used for the isolation work, since different tech-
niques are applied. Unifying the chemical nature of the solvent used in biomass extraction
and isolation could favor the recovery of the target compound, as recently described [45]. In
the present study, the upper (UP1) and lower (LP1) phases used for the HPCCC isolation of
fucoxanthin (Section 2.2) were tested for their capacity to produce a fucoxanthin-enriched
extract from P. tricornutum biomass. These liquid phases were compared with other solvents
generally used to generate microalgae extracts (Figure 2). Ultrasound assisted extraction
(UAE) for 10 and 30 min and mortar and pestle-assisted extraction (MPE) were applied as
extraction methods. The results (Figure 2) showed that the fucoxanthin yield was highly
dependent on the solvent and extraction method. LP1 and 80% ethanol led to similar
fucoxanthin recoveries in all experiments, but the highest values were obtained by using
UAE for 30 min. In previous investigations [25,32], 100% ethanol was found to lead to
the best extraction yield. To determine the extraction efficiency of LP1 in this study, the
Bligh–Dyer method was used as a reference method, as described in Section 3.2. In Figure 2,
the contents of fucoxanthin in the extracts produced using UAE for 30 min with LP1 and
Bligh–Dyer methods were 4.84 mg/g and 2 mg/g, respectively. Therefore, LP1 showed
extraction efficiency over 100%. It is conceivable to assume that the major components
in the upper (UP1) and lower (LP1) phases are n-heptane and water; respectively, with
ethanol and ethyl acetate distributed variably between the two liquid phases. Using LP1
as the solvent for biomass extraction allows a selective extraction that excludes highly
lipophilic impurities and, thus, benefits its further isolation. Therefore, the extraction of
P. tricornutum biomass with LP1 under UAE for 30 min was selected for the large-scale
biomass extraction. Using these conditions, an amount of 10 g of dried P. tricornutum
biomass was extracted with 1.2 L of LP1 affording 3.56 g of dried extract, which was used
for the HPCCC isolation of fucoxanthin.
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Figure 2. Extraction optimization of fucoxanthin from dried biomass of Phaeodactylum tricornutum.
Data are means ± SD (n = 3). Bars values with the same symbols (*,‡,±,#,×,+,F) within the same
extraction treatment are not significantly different from each other (Tukey’s test, p < 0.05). Ultrasound
assisted extraction (UAE), mortar and pestle-assisted extraction (MPE), lower phase (LP1) and upper
phase (UP1) of the selected biphasic solvent system, Bligh–Dyer method (BDM).
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2.2. Development and Optimization of HPCCC Separation at Analytical Scale and Scale-Up to
Semi-Prep Column

Different biphasic solvent systems composed of n-heptane, ethyl acetate, ethanol and
water at different proportions were prepared and investigated for their capacity to be used
in the isolation of fucoxanthin from extract of P. tricornutum biomass (Table 1). An ideal
solvent system has to meet some basic requirements. Firstly, it has to provide a proper
K value (0.5 ≤ K ≤ 3.5) [43,53] that permits the separation of the target compound between
the two immiscible phases of the selected biphasic solvent system. Secondly, it has to
retain enough stationary phase within the HPCCC column by providing a proper density
difference (>0.08 g/mL) between its two immiscible liquid phases [46,54] and a short
settling time (t < 30 s) [40]. From the Table 1, the system 1 was selected for the isolation of
fucoxanthin and thus transferred to the analytical coil (24 mL) of the HPCCC equipment for
the optimization of the isolation process in order to maximize the throughput and efficiency.

Table 1. The partition coefficient (K) of fucoxanthin in different biphasic solvent systems, density differences and the
settling times.

Solvent
Systems

Composition

Relative
Proportions of

Solvents
(v/v/v/v)

Phase
Volume Ratio

(UP/LP)

Settling
Time (s)

Density
Difference

(LP−UP, g/mL)

Partition
Coefficient (K)
of Fucoxanthin

1 n-Hep–EtoAc–EtOH–H2O 5/5/6/3 0.58 17 0.1284 0.515
2 n-Hep–EtoAc–EtOH–H2O 5/5/7/3 0.43 15 0.1171 0.314
3 n-Hep–EtoAc–EtOH–H2O 5/5/8/3 0.38 18 0.1311 0.205
4 n-Hep–EtoAc–EtOH–H2O 5/5/6/4 0.59 18 0.1301 0.897
5 n-Hep–EtoAc–EtOH–H2O 5/5/6/5 0.59 20 0.1497 1.942
6 n-Hep–EtoAc–EtOH–H2O 5/5/5/3 0.80 20 0.1232 0.590

LP: Lower phase. UP: Upper phase.

It has been well established that a high retention of the stationary phase leads to a
good resolution in countercurrent chromatography [55]. Given that flow rate and sample
loading can affect the retention of the stationary phase, these parameters were optimized
in the current study. The optimization studies were performed using sample loadings from
20 to 60 mg and mobile phase flow rates of 0.5 and 1.0 mL/min using the analytical coil
(24 mL) of the HPCCC equipment. The column rotational speed and loop volume were at
fixed 1600 rpm and 0.5 mL, respectively, operating at 30 ◦C. This process was performed in
reverse elution mode, which means that the lower phase of the selected biphasic solvent
system was used as the mobile phase, while the upper phase was the stationary phase. It
was observed that fucoxanthin was well separated with sample loadings of 20 and 40 mg
at mobile phase flow rates of both 0.5 and 1 mL/min (Figure 3a,b,d,e). These operating
conditions permitted a good retention of stationary phase within the column (Table 2),
which was estimated using equation 1. The highest fucoxanthin purity was achieved
at a flow rate of 0.5 mL/min and when 20 or 40 mg of sample was injected (Table 2).
Finally, a sample loading of 40 mg was chosen as the optimal value, as it would favor the
process throughput.
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(b) (e) 
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Figure 3. High performance countercurrent chromatography (HPCCC) optimization using different sample loadings and
flow rates of mobile phase for obtaining fucoxanthin from Phaeodactylum tricornutum extract. (a) 20 mg at 0.5 mL/min.
(b) 40 mg at 0.5 mL/min. (c) 60 mg at 0.5 mL/min. (d) 20 mg at 1.0 mL/min. (e) 40 mg at 1.0 mL/min. (f) 60 mg at
1.0 mL/min. The samples were dissolved in 0.5 mL of mobile phase (0.5 mL sample loop). Biphasic solvent system: System
1, mixture of n-heptane, ethyl acetate, ethanol and water (ratio 5:5:6:3, v/v/v/v). Elution mode: Reverse, the mobile phase is
the lower phase of the system 1. Column temperature: 30 ◦C. Detection: 450 nm.

Table 2. Stationary phase retention (Sf ) and peak resolution in response to different sample loadings and flow rates in
the analytical coil (24 mL) of high performance countercurrent chromatography (HPCCC) for obtaining fucoxanthin from
Phaeodactylum tricornutum extract. Biphasic solvent system: System 1, mixture of n-heptane, ethyl acetate, ethanol and water
(ratio 5:5:6:3, v/v/v/v). Elution mode: Reverse, the mobile phase is the lower phase of the biphasic solvent system. Column
temperature: 30 ◦C. Detection: 450 nm. Loop volume: 0.5 mL.

Optimization
Experiments

Flow Rate
(mL/min)

Sf at The
Hydrodynamic
Equilibrium in

HPCCC (%)

Loading Per
Injection (mg)

Peak
Resolution

(1/2)

Sf at The End
of The HPCCC

Separation
Run (%)

Peak Purity
(%)

a 0.5 56.25 20 2.9 52.08 98
b 0.5 56.25 40 2.1 32.25 97
c 0.5 56.25 60 1.7 10.41 70
d 1.0 50 20 2.0 29.16 96
e 1.0 50 40 1.8 20.83 94
f 1.0 50 60 1.4 4.16 55

Rt: Retention time. The peak resolution was calculated as follows: Rs = 2(Rt2-Rt1)/(W2+W1). (1) major contaminant. (2) fucoxanthin. W:
the peak width at half height. a (Rt1 = 29 min, Rt2 = 38 min and W1~3.2, W2~3). b (Rt1 = 35 min, Rt2 = 43.4 min and W1~4.6, W2~3.35).
c (Rt1 = 44.7 min, Rt2 = 49.4 min and W1~2.4, W2~3). d (Rt1 = 18.35 min, Rt2 = 21.9 min and W1~1.7, W2~1.9). e (Rt1 = 19.1 min,
Rt2 = 22.5 min and W1~2.1, W2~1.75). f (Rt1 = 23 min, Rt2 = 24.9 min and W1~1.0, W2~1.7).
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Once the operating parameters were optimized on the HPCCC analytical coil (24 mL),
they were transferred to the HPCCC semi-prep coil (134 mL) to scale-up the developed
method. The sample loading, flow rates and loop volume were scaled up linearly based
on a principle previously established [56]. The “g” force in the analytical and semi-prep
columns remained the same and the volume ratio between the analytical (24 mL) and
semi-prep (134 mL) HPCCC coils was approximately 6. Accordingly, the sample load-
ing, mobile phase flow rate and loop volume were adjusted proportionally to 240 mg
(40 mg × 6), 3 mL/min (0.5 mL/min × 6) and 3 mL (0.5 mL × 6), respectively. These
scale up settings led to a semi-prep chromatographic process (Figure 4a), showing a good
stationary phase retention (Sf : 68.65%) at the hydrodynamic equilibrium stage. It was
observed that fucoxanthin eluted at 37.2 min with a peak resolution of 2.5 with respect
to the major contaminant and purity of 97%. However, it was noticed that a higher flow
rate (4 mL/min) was still possible to produce fucoxanthin with a purity of 97% (Figure 4b)
and a peak resolution of 2.3 with respect to the major contaminant. Therefore, these last
conditions were selected in order to shorten the process and, thereby, increase the overall
throughput and efficiency. In CCC, it is possible to predict the retention time of a given
compound, once the stationary phase retention, partition coefficient value and flow rate are
known. In the present study, it was calculated using the equation 2 as earlier described [57].
This information is of particular interest for calculating a priori the separation process
duration and the solvent consumption. In the present study, the predicted retention time of
fucoxanthin was 22.83 min, while its experimentally observed retention time was 28.45 min
(Figure 4b). These values did not fully match up from each other, which may be due to a
decrease in the stationary phase retention (Sf : 19.4%) during the separation process.

Figure 4. Scale-up of high performance countercurrent chromatography (HPCCC) method to obtain
fucoxanthin from Phaeodactylum tricornutum extract. Biphasic solvent system: System 1, mixture of
n-heptane, ethyl acetate, ethanol and water (ratio 5:5:6:3, v/v/v/v). Loading per injection: 240 mg of
Phaeodactylum tricornutum extract dissolved in 3 mL of mobile phase (3 mL sample loop). (a) 3 mL/min
of flow rate of the mobile phase. (b) 4 mL/min of flow rate of the mobile phase. Rotational speed:
1600 rpm. Column temperature: 30 ◦C. Detection: 450 nm.
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Next, in order to increase the productivity of the developed HPCCC separation
process, a multiple-sequential injection system was applied combining two elution modes.
It involves reverse phase elution mode for the fucoxanthin separation followed by elution-
extrusion mode to replenish the column with new stationary phase without stopping
the column rotation. After that, a new hydrodynamic equilibrium was achieved for a
new separation cycle of fucoxanthin (Figure 5). The combination of these two HPCCC
elution modes resulted as a feasible method for sequentially obtaining fucoxanthin from
P. tricornutum biomass.

Figure 5. Development of two-injections high performance countercurrent chromatography (HPCCC)
method to obtain fucoxanthin from Phaeodactylum tricornutum extract. Biphasic solvent system:
System 1, mixture of n-heptane, ethyl acetate, ethanol and water (ratio 5:5:6:3, v/v/v/v). Elution
modes: Reverse (RP) and elution-extrusion (EE). Hydrodynamic Equilibrium (HE). Loading per
injection: 240 mg of Phaeodactylum tricornutum extract dissolved in 3 mL of mobile phase (3 mL
sample loop). Runs: 2 consecutive injections. Flow rate: 4 mL/min. Rotational speed: 1600 rpm.
Column temperature: 30 ◦C. Detection: 450 nm.

2.3. HPCCC Sequential Isolation of Fucoxanthin

Based on the previous optimized parameters and criteria, a sequential HPCCC sep-
aration process was satisfactorily performed to isolate fucoxanthin from P. tricornutum
biomass (Figure 6). An amount of 240 mg of P. tricornutum extract was injected in each
separation cycle. In total, 10 separation cycles were performed processing 2.4 g of P. tri-
cornutum extract in 715 min. The entire HPCCC process took 762 min, which included a
time period of 27 min for the first column filling with upper phase at 10 mL/min; 20 min
for equilibration of the two liquid phases within the column by pumping lower phase at
flow rate of 4 mL/min and followed by 715 min that comprised the ten separation cycles.
Each separation cycle consisted of three steps including the separation of fucoxanthin in
reversed phase elution mode (pumping lower phase at 10 mL/min for 31 min), extrusion
(pumping upper phase at 10 mL/min for 25 min) and equilibration of liquid phases inside
the column (pumping lower phase at 4 mL/min for 20 min). The chromatogram of the
developed process is shown in Figure 6. The total separation process consumed 4.050 L of
solvents, resulting in fucoxanthin (38 mg) with a purity of 97% (Figure 7b). To estimate
the reproducibility of the separation process from run to run, the relative standard devi-
ation (RSD) of the resolution values between the fucoxanthin and its major contaminant
during the ten separation cycles process was calculated. It was found a RSD value of
7.54. Accordingly, the developed process showed a good reproducibility. Finally, as the
content of fucoxanthin in the processed extract of P. tricornutum biomass was found to be
16.129 mg/g dried extract; therefore, the developed HPCCC process led to a fucoxanthin
recovery of 98.16%.

101



Mar. Drugs 2021, 19, 517

Figure 6. Multiple sequential injections—high performance countercurrent chromatography (HPCCC) method to obtain
fucoxanthin from Phaeodactylum tricornutum extract. Biphasic solvent system: System 1, mixture of n-heptane, ethyl acetate,
ethanol and water (ratio 5:5:6:3, v/v/v/v). Sample loading: 240 mg of extract dissolved in 3 mL of mobile phase (3 mL
sample loop). Runs: 10 consecutive injections. Flow rate: 4 mL/min. Rotational speed: 1600 rpm. Column temperature:
30 ◦C. Detection: 450 nm.

(a) 

(b) 

(c) 

trans)

trans

trans

Figure 7. High performance liquid chromatography with diode array detection (HPLC-DAD) chro-
matograms of Phaeodactylum tricornutum extract (a), All-trans-fucoxanthin fraction obtained by high
performance countercurrent chromatography (HPCCC) (b) and commercial standard of fucoxanthin
from Sigma Aldrich (c). * (13 or 13′-cis)-fucoxanthin. The chromatograms were monitored at 450 nm.

102



Mar. Drugs 2021, 19, 517

2.4. Identity Confirmation of The Isolated Target Compound

The identity of the target compound was established as (All-trans)-fucoxanthin on
the basis of its APCI-HRMS (Figure 8a) and UV-Visible (Figure 8b) spectra in comparison
to the literature data [25,58]. The APCI-HRMS spectrum of the target compound peak
displayed the molecular ion [M+H]+ at m/z 659.4349; a fragment ion [M+H-H2O]+ at
m/z 641.4246 corresponding to the cleavage of a water molecule; a fragment ion [M+H-
2H2O]+ at m/z 623.4127 formed by the loss of two water units; the ion with second-highest
relative abundance [M+H-H2O-AcOH]+ was observed at m/z 581.4021 corresponding
to the elimination of water and acetyl group from the molecular ion. The last ion at
m/z 563.3923 [M+H-2H2O-AcOH]+ was generated by the cleavage of two water units
followed by the dissociation of an acetyl group from the molecular ion. In the Figure 7b,
one minor contaminant present in the fucoxanthin fraction obtained by means of HPCCC
was observed, which showed an APCI-HRMS fragmentation pattern (Figure 8c) similar
to that of (All-trans)-fucoxanthin (Figure 8a); therefore, they could not be distinguished
from each other using mass spectrometry. The All-trans-fucoxanthin peak (Figure 7b)
showed its typical UV-VIS spectrum (λmax: 450 and 466 nm) (Figure 8b), while the minor
contaminant with retention time of 11.3 min was identified as a cis-fucoxanthin isomer
based on its UV–VIS spectra (λmax: 442 and 460 nm together with characteristic band at
332 nm) (Figure 8d). This last compound is more likely to be 13- or 13′-cis-fucoxanthin,
in line with its hypsochromic shift peculiarity and the intensity of the cis peak (DB/DII:
47.0%), as earlier published [59]. The cis isomers of carotenoids have been shown to be
commonly generated from (All-trans)-carotenoids by light and temperature effects and
constitute no risk to human health [45,47].

 

(a) (b) 

  
(c) (d) 

Figure 8. Atmospheric pressure chemical ionization-high resolution mass spectrometry (APCI-HRMS) of All-trans-
fucoxanthin obtained by HPCCC (a) and (13 or 13′-cis)-fucoxanthin (c). Ultraviolet-visible (UV-Vis) spectra of All-trans-
fucoxanthin obtained by HPCCC (b) and (13 or 13′-cis)-fucoxanthin (d).
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2.5. HPCCC Process Performance

Fucoxanthin has been mostly obtained from algal biomass using liquid-solid chro-
matography applying multi-step procedures [25,28–33]. Efforts have been dedicated to
the production of fucoxanthin from algae using liquid-liquid chromatography namely
CCC or CPC [50–52]; however, little has been done to improve the efficiency of the process
for obtaining microalgae-sourced fucoxanthin. Unlike solid–liquid chromatography, no
expensive columns are required in countercurrent chromatography [49,60]; thus, its use
may represent a significant cost saving. The present study, copes with the challenge of
applying a multiple-sequential injection strategy using HPCCC (Figure 6) for obtaining
fucoxanthin from a microalgae diatom. The scale up of the developed isolation process can
be performed in a volumetric way [56], as displayed in Table 3. The projected scaling up
production of fucoxanthin from the lab scale (134 mL semi-prep column—Spectrum) to
pilot size (18 L column—Maxi), maintaining the same "g" level, would enable processing
609.31 g of algal extract in less than a week. This demonstrates the scalability of the devel-
oped multiple-sequential injection system using HPCCC, which could cope with demand
for large-scale production of fucoxanthin.

Table 3. Projected throughput for semi-preparative (used in this paper), preparative and pilot
scale equipment for sequential (ten injections)—high performance countercurrent chromatography
(HPCCC) process for obtaining fucoxanthin.

Equipment Column Volume Throughput Throughput

Spectrum 134 mL 0.189 g/h 7.56 g/week a

Midi 980 mL 1.382 g/h 55.28 g/week a

Maxi 4.6 L 6.488 g/h 155.71 g/week b

NSMS 8.820 L 12.440 g/h 298.56 g/week b

Maxi 18 L 25.388 g/h 609.31 g/week b

Throughput measured as mass of algal extract processed per unit time. New Spectrum modular series: NSMS.
a Estimation assumes lab-scale equipment runs for 40 h/week. b Estimation assumes suitable equipment in the
pilot plant and 24 h operation/week.

In this study, the developed separation process using a multiple-sequential injection
strategy was aimed to enable the quick and large-scale isolation of fucoxanthin from the
diatom P. tricornutum. Different liquid-liquid separation methods using CCC or CPC have
already been reported for the separation of fucoxanthin from different algae species [50–52].
Two of these methods processed directly crude extracts using CPC for one microalgae
species [52] and CCC for three macroalgae species [50]. A third reported method [51]
involved a previous fractionation of macroalgal extract by solvent partitioning before
CPC separation. Therefore, this last method [51] would not be useful for a comparative
evaluation in this paper, as it uses a fucoxanthin-enriched fraction and would not en-
sure equality of experimental conditions, besides being an extensive method. Table 4
compares the process performance indicators (purity, Pt, Pe, Er and Ge) of the different
methods. As shown in Table 4, most of the reported methods led to high purity fucoxanthin
(90–99% pure). The purity of fucoxanthin produced in the present study was 97%. Al-
though the different methods produced fucoxanthin with only slightly different purity
values, they differed in the other process indicators. Due to the lack of some data referred
to fucoxanthin separation in methods A [50] and B [52], some values had to be assumed to
make a comparison possible. Studies describing the method A (it uses macroalgae species
L. japonica, U. pinnatifida and S. fusiforme) and B (it uses microalgae Tisochrysis lutea) did
not report solvent consumption for filling columns; therefore, we assumed two column
volumes for column filling, as was also performed in the present study. The method
described in the current paper used a 134 mL column volume, while methods A and B
used 240 and 250 mL of column volumes, respectively. Unlike method B, method A does
not report the flow rate of solvent used for column filling; thus, we assumed a flow rate of
30 mL/min, as was also applied in method B. In Table 4, the highest Pt values (methods A
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and B) were in the range from 0.22 and 12, which were higher than that obtained in this
paper (0.19). However, the Pe value of the developed method (0.003) was about 6–31-fold
higher than those of the method A and 1.15-fold higher than that in method B. The method
developed in this paper showed the lowest environmental risk factor (Er) representing
about 6.43–35.06-fold lower than the value indicated in the method A and 2.46-fold lower
than that of the method B. This demonstrates the reduced environmental impact of the de-
veloped multiple-sequential injection method. It is well established that for production on
an industrial scale, a higher efficiency of the process and a lower associated environmental
risk factor are the main goals [61], which is achieved with as high a Ge as possible. In the
present study, the Ge factor of the developed multiple-sequential injection HPCCC method
was 36–1075-fold and 2.78-fold higher than that of methods A and B, respectively.

Table 4. Comparative results for different liquid-liquid separation methods.

HPCCC Process Purity (%) Pt (g/h) Pe (g/h) Er (L/g) Ge (g2 h−1 L −1)

Method in this paper 97.0 0.189 0.003 106.578 0.000028
Method A1 [50] 94.8 12.195 0.000405 900.6024 0.0000004496
Method A2 [50] 90.2 0.732 0.0005 685.7798 0.000000775
Method A3 [50] 90.4 7.317 0.0000976 3737.500 0.0000000261
Method B [52] 99.0 0.222 0.0026 261.797 0.00001010

Pt: Process throughput. Pe: Process efficiency. Er: Process environmental risk factor. Ge: General process
evaluation factor. Estimation of Pe and Er uses the mass of isolated fucoxanthin. Methods A1, A2 and A3 use the
macroalgae species L. japonica, U. pinnatifida and S. fusiforme, respectively.

2.6. Induction of Nuclear Translocation of FOXO3 by Fucoxanthin

Fucoxanthin has been earlier described to induce FOXO3 nuclear translocation re-
sulting in the reduction of oxidative stress and fibrosis in diabetic nephropathy [21,22].
A way to validate the viability of the developed multiple-sequential injection method
using HPCCC for obtaining fucoxanthin is to check that the isolated compound retains
its bioactivity. For these purposes, we tested the ability of the isolated fucoxanthin to
act as an inductor of nuclear translocation of the transcription factor FOXO3, as already
described [21,22]. In this bioassay, a well-described method based on the translocation
of FOXO3 in the human osteosarcoma cell line U2OS [62–64] was used. As shown in
Figure 9a,b, treatment of these cells for 5 h with the positive control (BYL-719) [65], induced
a dose-dependent translocation of FOXO3 to the nucleus. Using this time of treatment,
there was no evidence of viability decrease when cells were treated with fucoxanthin, as
determined by cell number and morphology in the confocal assays. Previously described
fucoxanthin-induced cell death in U2OS cells [66] was only apparent after a much longer
treatment (48 h); and FOXO3 phosphorylation after treatment with fucoxanthin was mea-
sured 24 h after treatment [21]. Therefore, the FOXO3 nuclear translocation assay that is
shown in the present study reports quick responses to treatments. Accordingly, compounds
concentrations needed to elicit these quick responses (5 h) tend to be higher than those
needed for long responses (24 or 48 h in previous literature). Importantly, treatment with
the isolated fucoxanthin retained a clear ability to induce nuclear translocation of FOXO3
in a dose-dependent manner (Figure 9a,b). These results demonstrate that the isolated
target compound not only shows good purity, but also retains bioactivity in an in vivo
setting, thus proving the robustness and the chemically inert profile of the isolation method
developed in this work.
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Figure 9. Induction of nuclear translocation of FOXO3 by Phaeodactylum tricornutum-derived fu-
coxanthin. (a) U2OS human osteosarcoma cell lines stably transfected with the chimeric construct
FOXO3-GFP were treated with the isolated compound for 5 h and sub-cellular localization of the
fusion protein was determined by confocal microscopy. (b) Quantification of the % values of nuclear
translocation of the fusion protein FOXO3-GFP in the cells shown in (a). Bars represent the average
of at least 3 replicates, indicated by dots. Error bars represent the standard deviation. Statistical sig-
nificance was assessed using the one-way ANOVA with Tukey correction for multiple comparisons.
*, p < 0.05; ****, p < 0.0001.

3. Materials and Methods

3.1. Biomass Production

In this study, the microalgae P. tricornutum strain CCAP 1055/5 (Culture Collection
of Algae and Protozoa—Scottish Association for Marine Science, Scotland, UK) was pho-
totrophically cultivated in 80 L glass tubular photobioreactor. The culture was bubbled
with a mixture of air and CO2 (98:2; v/v) at rate of 5 L/min to maintain a high turbulence
in the reactor and to prevent cells sedimentation. The culture was continuously illuminated
with a LED day light white lamp placed centrally inside the photobioreactor. Light inten-
sity was set to 1500 μmol (photons) m−2 s−1 measured with a LI-250 light meter (LI-COR
Biosciences, Lincoln, NE, USA) 3 cm above light body. The modified Artificial Seawater
Medium [67] with added SiO3 solution (0.1 M) was used for cultivation at a temperature
kept to 20 ± 1 ◦C. The cells were harvested by centrifugation using a refrigerated centrifuge
(Sigma 8KS) at 20,461× g for 10 min. The resulting biomass was frozen to −70 ◦C and
then lyophilized using a ScanVac CoolSafe freeze dryer (LaboGene ApS, Lynge, Denmark)
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for 72 h. An amount of 105 g of lyophilized P. tricornutum biomass was obtained. The
microalgae growth curve is shown in Supplementary Figure S1.

3.2. Optimization of Biomass Extraction

For optimizing the production of fucoxanthin-enriched extract from P. tricornutum
biomass, two extraction methods were investigated including ultrasound-assisted ex-
traction (UAE) and mortar and pestle-assisted extraction (MPE). The tested extraction
solvents were absolute ethanol, 80% ethanol (AnalaR Normapur, VWR Inc., Fontenay-sous-
Bois, France), acetone, methanol (HiPerSolv Chromanorm, VWR Inc., Fontenay-sous-Bois,
France), ethyl acetate, n-heptane (HiPerSolv Chromanorm, VWR Inc., Gliwice, Poland)
as well as the upper and lower phases of the selected biphasic solvent system (Table 1).
Bligh–Dyer method [68] was used as a reference procedure for extraction efficiency estima-
tion. An amount of 10 mg of dried biomass was extracted with 5 mL of the corresponding
solvent. UAE was performed for 10 and 30 min employing an ultrasound bath (K6 Kraintek,
s.r.o., Podhájska, Slovakia) with a frequency of 38 kHz and an intensity of 47.7707 W/cm at
25 ◦C. High performance liquid chromatography with diode array detection (HPLC-DAD)
was used for the determination of fucoxanthin content in the resulting extracts, as shown
in Section 3.4. The best extraction system was used for the large-scale production of a
fucoxanthin-enriched extract, from which pure fucoxanthin was obtained using HPCCC.

3.3. High Performance Countercurrent Chromatography (HPCCC) Separation
3.3.1. HPCCC Equipment

For the isolation of fucoxanthin from P. tricornutum extract, a HPCCC equipment
(Spectrum model, Dynamic Extractions Ltd., Slough, UK) equipped with a 134 mL column
(PTFE bore tubing = 3.2 mm) was used. A speed regulator installed into the HPCCC
chassis was used to control the speed of the HPCCC column. For controlling the column
temperature, a H50/H150 Smart Water Chiller (LabTech Srl, Sorisole Bergamo, Italy) was
used. To pump the mobile phase through the column, a Q-Grad pump (LabAlliance, State
College, PA, USA) was used. The monitoring of the separation process was performed
using a sapphire UV-VIS spectrophotometer (ECOM spol. s.r.o., Prague, Czech Republic)
working at a wavelength of 450 nm. The separation process was simultaneously recorded
by an EZChrom SI software platform (Agilent Technologies, Pleasanton CA, USA).

3.3.2. Selection of the Suitable Biphasic Solvent System for HPCCC

Several biphasic solvent systems were prepared using different volume ratios of
n-heptane, ethyl acetate (HiPerSolv Chromanorm, VWR Inc., Gliwice, Poland), ethanol
(AnalaR Normapur, VWR Inc., Fontenay-sous-Bois, France) and water. The obtained
biphasic solvent systems were tested for their ability to be employed in HPCCC. A correct
biphasic solvent system should provide a suitable partition coefficient (K) of the target
compound [40,43], a proper density difference between its upper and lower phases and a
short settling time [40,43]. The K value calculation was performed by dissolving 2 mg of
the produced extract in 1 mL of each phase of the biphasic solvent systems. The obtained
mixture was shaken and left to stand until the formation of two clear phases. The formed
upper and lower phases were separated and used for the calculation of the K value using
HPLC-DAD. The K value was calculated as the ratio between the fucoxanthin peak area in
the upper phase to that of the lower phase [47,48]. The measurement of the settling time was
performed as previously reported [47]. The density differences between the two immiscible
phases were calculated by weighting 1 mL of each phase using a microbalance [43].

3.3.3. HPCCC Separation Process

The HPCCC separation of fucoxanthin from P. tricornutum biomass was carried out
using the selected biphasic solvent system composed of n-heptane, ethyl acetate, ethanol
and water. The preparation of the solvent system was performed by mixing the individual
amount of each solvent in a decanting funnel. Then, the mixture was vigorously shaken
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and left to stand until the formation of the two immiscible phases. The upper phase
was employed as stationary phase and the lower phase as mobile phase. The HPCCC
column was filled with the selected stationary phase and the rotational speed of the
HPCCC column was set at 1600 rpm under a controlled temperature of 30 ◦C. Once the
column was totally filled, the mobile phase was pumped through it until reaching the
hydrodynamic equilibrium between the two immiscible phases within the HPCCC column.
The equilibrium is achieved when the mobile phase front has emerged from the column
without the carryover of the stationary phase; thus, at this steady stage, the system is ready
for sample injection. The P. tricornutum extract dissolved in one volume of mobile phase
was the sample solution. The HPCCC fractions were manually collected and analyzed by
HPLC-DAD.

The following equation was used to calculate the retention of the stationary phase (Sf )
in the HPCCC column:

S f (%) =
Vs
Vc

× 100 (1)

where Vc is the HPCCC column volume and Vs is the stationary phase volume in the
column when hydrodynamic equilibrium has been reached [57].

The following equation was used to predict the retention time (tR) of the target
compound in the HPCCC separation:

tR =
VM + (K × VS)

F
(2)

where VM is the mobile phase volume when the hydrodynamic equilibrium is reached, K
is the partition coefficient of the target compound, VS is the stationary phase volume when
the hydrodynamic equilibrium has been reached and F is the mobile phase flow rate [57].

3.4. HPLC-DAD Analysis of Extract and Fractions

The P. tricornutum extract and HPCCC fractions were analyzed using a high per-
formance liquid chromatography (HPLC) system (Agilent 1100 Series, Santa Clara, CA,
USA) equipped with diode array detection (DAD). The chromatographic separation was
performed using a reversed phase column (Luna® C8 column, 100 × 4.6 mm, 3 μm, 100 Å)
at 30 ◦C. The mobile phase consisted of the mixture of water (A) and methanol (B) which
was pumped at a flow rate of 0.8 mL/min using a gradient elution as follows: 0–20 min,
20–0% A; 20–25 min, 0% A; 25–27 min, 0–20% A; 27–30 min, 20–20% A [47]. The HPLC
analysis was monitored at 450 nm. A commercial standard of fucoxanthin was used for
quantification and comparison purposes (Sigma Aldrich, Darmstadt, Germany). For esti-
mating the content of fucoxanthin in microalgae extracts, a calibration curve was generated
using five concentration points of the commercial standard of fucoxanthin ranging from
0.5 to 50 μg/mL, employing sample injection volumes of 20 μL. The resulting regression
line equation was y = 126.3x (R2 = 0.9999), where x expresses fucoxanthin concentration
(μg/mL) and y is the HPLC peak area. Purity of isolated fucoxanthin was determined
using the same regression line equation.

3.5. Confirmation of the Chemical Identity of the Purified Target Compound

The chemical identity of the isolated target compound was confirmed through a
Dionex UltiMate 3000 HPLC system (Thermo Scientific, Carlsbad, CA, USA) connected
to a high-resolution tandem mass spectrometry (HRMS/MS) detector with atmospheric
pressure chemical ionization (APCI) source (Impact HD mass spectrometer Bruker, Billerica,
MA, USA) (HPLC-APCI-HRMS) operated in positive ionization mode. Aiming to improve
ionization efficiency, a formic acid (0.1%) solution was put in both solvents A and B. The
MS operation parameters were set as follows: capillary voltage (2500 V), drying gas flow
(5 L/min), drying gas temperature (350 ◦C), vaporizer temperature (450 ◦C) and nebulizer
pressure (20 psi). The scanning of mass range between 100 and 2000 m/z was used for
recording full-scan mass spectra. For the fragmentation of fucoxanthin, the collision energy
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was set to 35 eV and the collision gas was nitrogen. The identity of the target compound
was confirmed in comparison with data published in literature. The conditions for the
chromatographic separation are described in Section 3.4.

3.6. High Performance Countercurrent Chromatography (HPCCC) Process Performance

The HPCCC process performance was evaluated as previously reported [61]. Four
performance indicators were evaluated including process throughput (Pt), process effi-
ciency (Pe), process environmental risk factor (Er) and general process evaluation factor
(Ge).

The process throughput (Pt), which measures the mass processed per unit time, was
calculated using the following equation:

Pt =
Mc

t
(3)

where Mc is the mass of the algal extract injected per separation process and t is the time
per separation process.

The process efficiency (Pe), which shows the rate of production of one mass unit of the
isolated compound per unit time, was estimated using the following equation:

Pe =
Mt

t
(4)

where Mt is the mass of the isolated target compound and t is the time consumption.
Process environmental risk factor (Er), which shows the volume of the waste solvent

generated in the production of one mass unit of isolated target compound, was estimated
using the next equation:

Er =
V
Mt

(5)

where V is the total volume of solvent used in the process and Mt is the mass of the isolated
target compound.

General process evaluation factor (Ge), which represents the process efficiency (Pe)
relative to its environmental influence (Er), was determined using the following equation:

Ge =
Pe
Er

(6)

The indicators Pt and Pe were used to determine the potential productivity of the
developed HPCCC process. The Er factor provided information on the environmental in-
fluence of the HPCCC process, and the Ge factor was used to show the overall performance
of the entire HPCCC separation process in relation to its environmental impact. The higher
the Ge factor, the more beneficial it will be.

3.7. Induction of Nuclear Translocation of FOXO3

Induction of FOXO3 nuclear translocation was measured as previously described [62].
Briefly, U2OS human osteosarcoma-derived cells were stably transfected with the chimeric
construct FOXO3-GFP [63]. Cells with the highest fluorescent intensity were sorted using
an INFLUXTM cell sorter (BD Biosciences, San Jose, CA, USA) and plated in 384-well
plates. One day later, cells were treated with the indicated concentrations of compound
and after 5 h, cells were fixed in 4% paraformaldehyde and stained with 1 μg/mL 40,6-
Diamidino-2-phenylindole dihydrochloride (DAPI). Green fluorescence was measured
using the high-throughput confocal microscope Opera LX (Perkin Elmer, Boston, MA,
USA). Nuclear translocation was quantified using Acapella v2.0 (Perkin Elmer, Boston,
MA, USA).
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3.8. Statistical Analysis

The one-way ANOVA statistical test (p < 0.05) was used to determine difference
among means followed by a Tukey’s multiple comparison test (p < 0.05) to perform pair-
wise comparisons. Relative standard deviation (RSD) of resolution values between the
target compounds across the high performance countercurrent chromatography (HPCCC)
separation was estimated. The data were analyzed using the Statistical Package S-Plus 2000.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md19090517/s1, Figure S1: Growth curve of Phaeodactylum tricornutum.
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Abstract: Fucoxanthin is a major carotenoid in brown macroalgae and diatoms that possesses a broad
spectrum of health benefits. This review evaluated the research trends of the fucoxanthin field from
1928 to June 2021 using the bibliometric method. The present findings unraveled that the fucoxanthin
field has grown quickly in recent years with a total of 2080 publications. Japan was the most active
country in producing fucoxanthin publications. Three Japan institutes were listed in the top ten
productive institutions, with Hokkaido University being the most prominent institutional contributor
in publishing fucoxanthin articles. The most relevant subject area on fucoxanthin was the agricultural
and biological sciences category, while most fucoxanthin articles were published in Marine Drugs. A
total of four research concepts emerged based on the bibliometric keywords analysis: “bioactivities”,
“photosynthesis”, “optimization of process”, and “environment”. The “bioactivities” of fucoxanthin
was identified as the priority in future research. The current analysis highlighted the importance of
collaboration and suggested that global collaboration could be the key to valorizing and efficiently
boosting the consumer acceptability of fucoxanthin. The present bibliometric analysis offers valuable
insights into the research trends of fucoxanthin to construct a better future development of this
treasurable carotenoid.

Keywords: microalgae; macroalgae; carotenoids; fucoxanthin; Scopus; bibliometric; applications;
biosynthesis; health benefits; production

1. Introduction

Fucoxanthin is an orange-colored pigment, which accounted for more than 10% of
the estimated total carotenoids production in the nature [1]. It is the most abundant and
signature carotenoid in brown macroalgae and diatoms [2]. It is a part of fucoxanthin–
chlorophyll a protein (FCP) complexes along with proteins and chlorophyll a (chl a) that
are functionally associated with the light-harvesting complex of the algae [3].

It has been shown that fucoxanthin possesses numerous biological activities and
health-stimulating properties such as anti-angiogenic, anti-diabetic, antioxidant, anti-
inflammatory, and antimalarial activity [4,5]. Notably, in vivo studies (mice and human)
have proven that fucoxanthin effectively decreases body weight [6,7]. In addition, fucox-
anthin has been demonstrated to exhibit a wide range of anticancer and anti-proliferative
activity in different in vivo and in vitro studies [8]. These bioactivities of fucoxanthin are
attributed to its unique molecular structure such as an allenic bond, an acetyl group, and a

Mar. Drugs 2021, 19, 606. https://doi.org/10.3390/md19110606 https://www.mdpi.com/journal/marinedrugs115



Mar. Drugs 2021, 19, 606

conjugated carbonyl with a 5,6-monoepoxide [9]. Due to its multiple health benefits, the
global total fucoxanthin market is estimated to increase from $88 million in 2019 to more
than $100 million over the next five years (Global Fucoxanthin Market 2020).

Bibliometric analysis is an approach that analyzes the worldwide scientific production
and qualitative data. The analysis could provide information on the research trends
and future directions within a specific research field [10]. Lately, a bibliometric analysis of
microalgae research, microalgae-based wastewater treatment, global dinoflagellate research,
and microalgae-derived pigments has been performed [10–13]. These bibliometric analyses
focused on microalgae or metabolites generated from microalgae. Silva et al. (2020) [12]
only reviewed four pigments, chlorophylls, phycocyanin, and β-carotene of the microalgae
using a bibliometric approach. A critical examination of the research trends of fucoxanthin
utilizing the bibliometric method is still lacking. Thus, this review aimed to analyze the
research trends of the fucoxanthin field via bibliometric analysis. Several conclusions can
be drawn through the analysis, such as evaluating essential milestones over the history
of a scientific field and the scientific fads. The keyword analysis in the current review
highlighted the trends and directions of fucoxanthin research. The review could serve as a
basis in fortifying the future direction of fucoxanthin research.

2. Methods

Bibliometric analysis in the present study employed three-step approaches. These
steps were data mining, data refinement, and data analysis.

2.1. Data Mining

A set of publications associated with fucoxanthin research was first extracted from the
Elsevier Scopus database (collected on 15 July 2021). A complete search of the database
was performed using [TITLE-ABS-KEY (fucoxanthin)] as the search query. This query
retrieved a total of 2080 publications. Different search results will be obtained if distinct
search parameters or databases were utilized.

2.2. Data Refinement

Data refinement is indispensable in bibliometric study, as it could remove the irrelevant
articles. The retrieved data were polished using OpenRefine software, which excluded
duplicate articles [11]. In addition, each article was also examined meticulously by manual
inspection to eliminate unrelated articles.

2.3. Data Analysis

The information of publications was manually extracted. For example, journal impact
factors (IFs) were retrieved from Journal Citation Reports (JRC) in 2020. In addition, the
number of total citations and the h-index value were obtained from the Scopus database
(https://www.scopus.com/search/form.uri?display=basic#basic; collected on 15 July 2021).
On the other hand, software such as VOSviewer was utilized to perform bibliometric
analyses. VOSviewer was employed to visualize the similarities among different sub-
jects (countries and keywords) [14]. In addition, the visualization map was generated
using VOSviewer to display the relationship between subjects in a research field. The
research network and keyword co-occurrence network were constructed and visualized
with VOSviewer. In the case of the keyword co-occurrence network, the most commonly
utilized keywords related to the searched words (fucoxanthin) were screened. The mini-
mum number of occurrences for the keyword co-occurrence network was determined as
15. Manual inspection was performed to eliminate the unrelated keywords. Moreover,
the data were analyzed using the bibliometric R-package incorporated in the open-source
RStudio software (www.rstudio.com; version 4.0.5, assessed on 15 July 2021) [15].
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3. Publication Output

A total of 2080 fucoxanthin research articles were published from 1928 to June 2021
(Figure 1). According to the Scopus database, the first fucoxanthin research article was
published in 1928. A small number of publications per year were observed (<10 units
except 1976) until 1986. The amount of publication has doubled (around 20 units) per
year since 1994. After that, the annual publications have elevated steadily and generated
an immediate increase in the cumulative total publications. A remarkable increase in the
number of publications was detected starting in 2017. In 2017, the number of publications
exceeded 100 for the first time. The last decade’s publication on fucoxanthin corresponded
to 64.90% (1350 publications) of the total publications since 1928. In addition, the previous
years (2017 to June 2021) recorded 35.96% of the total publications on fucoxanthin. These
findings indicated that a strong interest in fucoxanthin research occurred recently.

Figure 1. The annual and cumulative numbers of fucoxanthin publications from 1928 to June 2021.

The major publications on fucoxanthin were articles (82.55%) (Figure 2). Reviews
were the second-largest amount of publications, which constituted 11.25% of the total
publications. This is followed by book chapters (2.55%) and conference papers (2.31%).
Other documents such as books, conference reviews, data papers, editorials, errata, letters,
notes, and short surveys accounted for less than 2% of the total publications.
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Figure 2. Distribution of publication types for fucoxanthin.

4. Global Production of Fucoxanthin Publications

Fucoxanthin studies have been conducted over the continentals in the world. The
top ten countries have contributed to more than 70 publications from 1928 to June 2021
(Table 1), indicating these countries are the key players in studying fucoxanthin. From
the time perspective, the United States predominates in producing fucoxanthin articles
among the other countries from 1928 to 2000. Although more articles (n = 115) by the
United States from 2001 to June 2021 were observed compared to the previous period,
the United States could only be classified as a second or third place among the other
countries in the last two periods. All these top ten countries demonstrated noticeably
increased research performance on fucoxanthin from 1928 to June 2021. The most apparent
upsurge of fucoxanthin publications was seen in 2011–June 2021 for the top ten countries
except for Canada. For example, China showed the most remarkable productivity (almost
24-fold) on fucoxanthin articles; the number of articles escalated from nine (2001–2005) to
219 (2011–June 2021). Overall, Asian countries focused on fucoxanthin publications more
than the other countries, as four Asian countries (Japan, China, South Korea, and India)
occupied the top ten countries (1928–June 2021). The major three countries that produced
the most fucoxanthin publications were Japan, the United States, and China. Japan leads
the first ranking in the publications on fucoxanthin with 379 articles, suggesting that Japan
plays a significant role in advancing fucoxanthin research.

Table 1. Top ten productive countries in producing fucoxanthin publications from 1928 to June 2021.

Country TP
Number of Publications

1928–1970 1971–1980 1981–1990 1991–2000 2001–2010 2011–2021 *

Japan 379 0 4 13 37 98 227
United States 319 8 16 31 71 78 115
China 230 0 0 1 1 9 219
Germany 181 0 1 3 32 45 100
France 144 1 0 4 32 48 59
United Kingdom 132 5 6 5 28 26 62
South Korea 127 0 0 0 1 16 110
Spain 99 0 0 1 9 22 67
India 98 0 0 0 3 11 84
Canada 75 0 2 5 19 25 24

TP: Total publications; 2021 *: up to June 2021.
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The top ten institutions contributed at least 33 fucoxanthin publications, respectively
(Table 2). These top institutions were leaded by Hokkaido University, Japan (110 articles),
CNRS Centre National de la Recherche Scientifique, France (61 articles), and Goethe-
Universität Frankfurt am Main, Germany (49 articles). Among these ten institutions,
five were European and five were Asian. Institutions from Japan occupied three of the
top ten institutions: Hokkaido, Kyoto, and Kobe University. The contribution of these
three major Japanese institutions resulted in Japan predominating in fucoxanthin research.
Fewer fucoxanthin publications were produced from these top ten institutions in 1928–1990
except for Norges teknisk-naturvitenskapelige universitet, Norway. Most of the top ten
institutions increased their publications at least one-fold from the 2001–2010 period to the
2011–June 2021 period. The most remarkable elevation of fucoxanthin publications was
produced by the Chinese Academy of Sciences, China (around 18.5-fold).

Table 2. Top ten productive institutions in producing fucoxanthin publications from 1928 to June 2021.

Institution Country TP
Number of Publications

1928–1970 1971–1980 1981–1990 1991–2000 2001–2010 2011–2021 *

Hokkaido University Japan 110 0 0 1 8 33 68

CNRS Centre National de la
Recherche Scientifique

France 61 1 0 1 17 17 25

Goethe-Universität Frankfurt
am Main

Germany 49 0 0 0 3 13 33

Norges
teknisk-naturvitenskapelige

universitet
Norway 44 0 7 12 12 8 5

Chinese Academy of Sciences China 41 0 0 1 1 2 37
Sorbonne Universite France 39 0 0 1 10 14 14

Kyoto University Japan 34 0 0 3 8 9 14
Kobe University Japan 34 0 0 0 1 7 26

Plymouth Marine Laboratory United Kingdom 33 0 0 1 15 6 11
Pukyong National University Korea 33 0 0 0 1 2 30

TP: Total publications; 2021 *: up to June 2021.

A distribution by communities of 31 countries with at least 20 articles on fucoxanthin
was observed (Figure 3). These countries were distributed over four clusters. The first
cluster comprised of eight European countries, along with Chile, Iran, Turkey, and New
Zealand. The second cluster consisted of Mexico, Australia, Brazil, and four European
countries. The third cluster was made of the United States and seven Asian countries, while
Canada and three European countries constituted the last cluster. Based on Figure 3, the
United Kingdom established a research collaboration with the highest number of countries
(26 countries). The United States was the second country that formed the most partnerships
with other countries (25 countries). Germany had the third highest number of country
collaborations (23 countries). For the strength of research collaboration, the United States
formed the most substantial collaboration network with other countries (total link strength:
214). This is followed by Germany (126), the United Kingdom (125), France (118), and
Japan (103).

The top ten productive authors produced at least 18 publications (Table 3). Eight of
the top ten productive authors were affiliated with Japanese institutions. No publication
was generated from these top ten authors in the first period (1928–1970). The number of
the publication produced by Liaaen-Jensen, Synnove (Germany) outweighed the other
authors from the second period (1971–1980) to the fourth period (1991–2000). The last two
periods were dominated by Miyashita, Kazuo (Japan) in terms of publications. Miyashita
Kazuo was the most productive and impactful author on fucoxanthin research with 88 pub-
lications and a Scopus h-index of 50. The h-index was utilized to evaluate a researcher’s
contribution. The h-index not only indicates productivity, it also demonstrates the influence
of a group’s or scholar’s published work [16]. The author recently studied the effect of
fucoxanthin/fucoxanthinol on cancer, particularly pancreatic and colon cancer [17,18].
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Masashi Hosokawa produced 68 publications and became the second most productive
author on fucoxanthin research (Scopus h-index: 44). The author worked together with
Kazuo Miyashita in examining the effect of fucoxanthin on dexamethasone-induced mus-
cle atrophy and fat mass in mice [19]. The third most productive author was Claudia
Buchel (41 publications, Scopus h-index: 34), who has investigated the structure and en-
ergy transfer of FCP complexes lately [20,21]. Synnove Liaaen-Jensen was among the
leading researchers from Norway. The author demonstrated the iodine-catalyzed R/S
isomerization of the allenic carotenoids fucoxanthin via the attack of I·on C7′ [22]. In
addition, the author also studied the diphenyl diselenide-mediated photoisomerization
of allenic carotenoids fucoxanthin in benzene solution to optimize synthetic yields of
(6′S)-allenes [23]. A team led by Ryo Nagao studied the structure and function of a diatom
photosystem I-light-harvesting supercomplex [24] and adaptation of light-harvesting and
energy-transfer processes of diatoms [25,26].

Figure 3. Visualization map of countries communities in fucoxathin research (minimum occurrence: 20).

Multidisciplinary collaboration networks among researchers are crucial in developing,
evolving, and enriching the nature of fucoxanthin utilization research. The high produc-
tivity of these top ten authors could be attributed to the formation of effective research
teams via co-authorship networks. The homophyllous network is a collaboration among
researchers of the same gender, academic department, and research interest. This net-
work is vital in establishing and sustaining the research capabilities of the members of the
organization. On the other hand, heterophyllous collaboration allowed the cooperation
among researchers of different gender, affiliations, and research interests. This cooperation
could provide new insights or solutions to complex problems and create transformative
research [27].
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Table 3. Top ten prolific authors in producing fucoxanthin research from 1928 to June 2021.

Author Country TP
Scopus
h-Index

Scopus ID
Number of Publications

1928–1970 1971–1980 1981–1990 1991–2000 2001–2010 2011–2021 *

Miyashita,
Kazuo Japan 88 50 • 55883552800 0 0 0 0 29 59

Hosokawa,
Masashi Japan 68 44 • 7202009871 0 0 0 1 25 42

Buchel,
Claudia Germany 41 34 • 7006466104 0 0 0 0 13 28

Maeda,
Hayato Japan 31 19 • 8396571500 0 0 0 0 11 20

Liaaen-
Jensen,

Synnove
Norway 29 40 • 35509195900 0 6 11 10 2 0

Nagao,
Ryo Japan 28 21 • 22941377100 0 0 0 0 2 26

Akimoto,
Seiji Japan 23 27 • 7102347852 0 0 0 0 0 23

Shen, Jian
Ren Japan 22 50 • 56374284200 0 0 0 0 0 22

Maoka,
Takashi Japan 19 37 • 7004037866 0 0 0 1 5 13

Hashimoto,
Hideki Japan 18 44 • 35253778600 0 0 0 0 2 16

TP: Total publications; 2021 *: up to June 2021.

5. Subject Category, Sources and Citations

At least 2.0% of total publications were assigned to each of the top ten subject cate-
gories for fucoxanthin research (Table 4). The global fucoxanthin publication landscape
covered 27 subject categories. A total of 27.0% publications was classified under the agricul-
tural and biological sciences category. This category’s highest percentage of publications
signifies the solid scientific interests in the fundamental knowledge of agricultural uti-
lization [28], synthesis, and accumulation [29,30] of fucoxanthin. The rapid development
of biochemistry [24,31] and molecular techniques such as genetic transformation [32,33],
sequencing [34], and transcription [35] led to the dominance of biochemistry, genetics, and
molecular biology category (18.1% publications). The high number of publications in the
pharmacology, toxicology, and pharmaceutics (8.3% publications) category could be due to
the increase of health-consciousness and the benefits of fucoxanthin [36,37]. However, a
low percentage of articles in the economic and social science categories (data not shown)
implies that fucoxanthin research is still in its infancy. Thus, it is crucial to focus on the
economic viability and social acceptance of fucoxanthin in the future.

A total of 689 scientific journals published fucoxanthin articles from 1928 to June
2021. The top ten journals on fucoxanthin research belonged to seven different publishers
(Table 5). Springer occupied three of the top ten journals. The rest of the journals were
owned by Multidisciplinary Digital Publishing Institute (MDPI), Wiley Periodical LLC,
Elsevier B.V., Inter-Research Science, American Chemical Society, and Oxford University
Press. According to the InCites Journal Citation Reports, the top ten journals showed at
least an impact factor of 2.400. The journal with the highest impact factor belonged to the
Journal of Agricultural and Food Chemistry (5.279), while the Journal of Plankton Research
was the lowest impact factor journal (2.455) among the top ten journals.
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Table 4. Top ten prolific subject categories of fucoxanthin research from 1928 to June 2021.

Subject Category TP (%)

Agricultural and Biological Sciences 27.0
Biochemistry, Genetics and Molecular Biology 18.1
Pharmacology, Toxicology and Pharmaceutics 8.3

Chemistry 7.9
Environmental Science 7.8

Earth and Planetary Sciences 7.5
Medicine 5.8

Chemical Engineering 3.8
Immunology and Microbiology 2.5

Engineering 2.3
TP: Total publications.

Table 5. Top ten core journals for research on fucoxanthin from 1928 to June 2021.

Journal Publisher
IF

(2020)
TP TP (%)

Cummulative
TP (%)

Marine Drugs MDPI 5.118 123 5.91 5.91
Journal of Phycology Wiley Periodical LLC 2.923 67 3.22 9.13
Journal of Applied Phycology Springer 3.215 55 2.64 11.77
Photosynthesis Research Springer 3.573 39 1.88 13.65
Biochimica Et Biophysica Acta (BBA)—Bioenergetics Elsevier B.V. 3.991 38 1.83 15.48
Algal Research Elsevier B.V. 4.401 32 1.54 17.02
Marine Ecology Progress Series Inter-Research Science 2.824 30 1.44 18.46
Journal of Agricultural and Food Chemistry American Chemical Society (ACS) 5.279 30 1.44 19.90
Journal of Plankton Research Oxford University Press (OUP) 2.455 24 1.15 21.05
Marine Biology Springer 2.573 24 1.15 22.20

MDPI: Multidisciplinary Digital Publishing Institute; IF: Impact factor; TP: Total publications.

Articles from these ten top journals constituted 22.20% of the total fucoxanthin publi-
cations (Table 5). The most productive journal was Marine Drugs, with 123 articles covering
5.91% of the total publications. This is followed by the Journal of Phycology (67 articles,
3.22%), Journal of Applied Phycology (55 articles, 2.64%), Photosynthesis Research (39 articles,
1.88%) and Biochimica Et Biophysica Acta (BBA)—Bioenergetics (38 articles, 1.83%).

The top ten articles in Table 6 demonstrated at least 178 citations. The data of highly
cited publications are impactful, as these mirror the scientific advancement, offer revo-
lutionary insights, and provide a significant perspective on scientific advancement [38].
Each of these articles was owned by one prestigious journal except Marine Drugs and the
Journal of Agricultural and Food Chemistry. Marine Drugs possessed two top fucoxanthin
publications with a high total citation: Peng et al. (2011) and Xia et al. (2013), while two
highly cited fucoxanthin research articles were published in Journal of Agricultural and Food
Chemistry: Sachindra et al. (2007) and Maeda et al. (2007). Furthermore, the top ten most
cited publications were observed in only two of the top ten journals, namely Marine Drugs
and Journal of Agricultural and Food Chemistry. The research article produced by Maeda
et al. (2005) in Biochemical and Biophysical Research Communications was the publication that
received the highest total citation on fucoxanthin research (411). The article demonstrated
that fucoxanthin upregulates the expression of mitochondrial uncoupling protein 1 that
may attribute to the reduction of white adipose tissue (WAT) weight [39]. The review arti-
cle summarizes the topical state of understanding and provides an overview of the basic
knowledge of fucoxanthin. The second highly cited publication was a review article (356).
This review discussed the metabolism, safety, and bioactivities of fucoxanthin [2]. The other
research article discovered that fucoxanthin was the major active compound in Japanese
edible macroalgae, Hijikia fusiformis, which might be responsible for the high antioxidant
activity [40]. This article was ranked third in the top ten most-cited publications (348).
Most of the top ten cited fucoxanthin articles described and discussed the bioactivities of

122



Mar. Drugs 2021, 19, 606

fucoxanthin (i.e., antiobesity, antioxidant, antiproliferation, anti-inflammatory) [2,6,39–44].
This could be inferred as the interest of researchers was focused on the bioactivities of
fucoxanthin lately.

Table 6. Top ten most cited fucoxanthin publications from 1928 to June 2021.

Title Authors Year Journal
Total

Citation

Fucoxanthin from edible seaweed, Undaria pinnatifida,
shows antiobesity effect through UCP1 expression in white
adipose tissues

Maeda et al. 2005 Biochemical and Biophysical
Research Communications 411

Fucoxanthin, a marine carotenoid present in brown
seaweeds and diatoms: Metabolism and bioactivities
relevant to human health

Peng et al. 2011 Marine Drugs 356

Fucoxanthin as the major antioxidant in Hijikia fusiformis, a
common edible seaweed Yan et al. 1999 Bioscience, Biotechnology and

Biochemistry 348

Radical scavenging and singlet oxygen quenching activity
of marine carotenoid fucoxanthin and its metabolites Sachindra et al. 2007 Journal of Agricultural and

Food Chemistry 308

Fucoxanthin induces apoptosis and enhances the
antiproliferative effect of the PPARγ ligand, troglitazone,
on colon cancer cells

Hosokawa et al. 2004 Biochimica et Biophysica Acta
(BBA)—General Subjects 261

Dietary combination of fucoxanthin and fish oil attenuates
the weight gain of white adipose tissue and decreases
blood glucose in obese/diabetic KK-Ay mice

Maeda et al. 2007 Journal of Agricultural and
Food Chemistry 226

A potential commercial source of fucoxanthin extracted
from the microalga Phaeodactylum tricornutum Kim et al. 2012 Applied Biochemistry and

Biotechnology 218

Evaluation of anti-inflammatory effect of fucoxanthin
isolated from brown algae in
lipopolysaccharide-stimulated RAW 264.7 macrophages

Heo et al. 2010 Food and Chemical Toxicology 212

Fucoxanthin inhibits the inflammatory response by
suppressing the activation of NF-κB and MAPKs in
lipopolysaccharide-induced RAW 264.7 macrophages

Kim et al. 2010 European Journal of
Pharmacology 204

Production, characterization, and antioxidant activity of
fucoxanthin from the marine diatom Odontella aurita Xia et al. 2013 Marine Drugs 178

6. Research Concepts

The keyword co-occurrence analysis provides an overview of fucoxanthin research
concepts. Keywords serve as the fundamental of bibliographic research of academic litera-
ture [45]. A total of 40 relevant keywords were classified into four different clusters using a
minimum occurrence of the 15-fold keyword (Figure 4). The first cluster (in red) consists of
18 keywords that revolved around “antioxidant activity”, “neuroprotection”, and “cancer
inhibition”. This cluster highlighted the bioactivities of fucoxanthin via in vitro study
and in vivo study. Ten keywords such as “photosynthesis”, “photosystem”, “chlorophyll-
binding proteins”, and “energy transfer” were seen in the second cluster (in green). This
cluster represents the research of photosynthesis that involved fucoxanthin. The third clus-
ter (in blue) encompassed “chemistry”, “biosynthesis”, “extraction”, “purification”, and
“biotechnology” keywords. Thus, this cluster depicted the optimization of processes in ob-
taining fucoxanthin as valuable compounds. The fourth cluster (in yellow) revolved around
the major keywords such as “phytoplankton”, “community structure”, “pigment”, and
“environmental monitoring”, which denoted the role of fucoxanthin in the environmental
study of phytoplankton.
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Figure 4. Visualization of keyword co-occurrence network analysis (minimum occurrences: 15).

6.1. Research Trends of Fucoxanthin Research from 1928 to June 2021

The four clusters (bioactivities, photosynthesis, optimization of process, environment)
were utilized to analyze the fucoxanthin research trends from 1928 to June 2021. In the
first period (1928–1970), the researchers focused on the optimization of process cluster
(88.88%) (Figure 5). An equal percentage of fucoxanthin articles (5.56%) was observed in
photosynthesis and environment clusters, respectively. No bioactivities of fucoxanthin
publication were produced. In the second period (1971–1980), the percentage of articles
in the optimization of process cluster decreased by 22.92% compared to the previous
period. Both photosynthesis and environment clusters demonstrated the same percentage
of publications, 17.02% (increased by 11.46%). The bioactivities cluster remained 0%. There
was a further reduction (2.95%) of publications in the optimization of process cluster
in the third period (1981–1990) compared to the previous period. In the same period,
the bioactivities, photosynthesis, and environment clusters increased the percentage of
publications, 1.37, 2.16, and 1.42%, respectively.

In the fourth period (1991–2000), bioactivities and environment clusters experienced
an increase of publications percentage, 4.26, and 12.66%, respectively, compared to the
previous period. On the other hand, the optimization of process and photosynthesis clus-
ters exhibited a fall of publications percentage, 4.13, and 12.69%, respectively. In the fifth
period (2001–2010), the only optimization of production cluster experienced a reduction
of articles percentage to 38.13% compared to the earlier period. The remaining clusters
displayed an increase in articles percentage. The biggest upsurge in terms of publications
percentage (16.77%) was detected in the bioactivities cluster among the other clusters. The
photosynthesis cluster showed 8.8% of publications, while 30.67% of publications were
identified in the environment cluster. In the sixth period (2011–June 2021), the bioactivities
cluster (39.97%) demonstrated a similar publications percentage with the optimization
of process cluster (40.79%). The photosynthesis cluster displayed 8.03% of publications,
whereas 11.22% of publications were seen in the environment cluster. Throughout the six
periods (1928–June 2021), the interest in fucoxanthin research shifted from the optimization
of the processing cluster to the bioactivities cluster. This could be because brown macroal-
gae and microalgae are considered a potential natural source of bioactive compounds (i.e.,
fucoxanthin), and these compounds provide various health benefits [46].
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Figure 5. Research trends of fucoxanthin research from 1928 to June 2021. The asterisk after 2021 denotes that the data were
extracted up to June 2021.

6.1.1. Bioactivities of Fucoxanthin

The interest in natural sources of bioactive compounds is growing immensely due to
the numerous benefits to humans. According to the Scopus database, the first article on the
bioactivities of fucoxanthin was published in 1990. In the first article on the bioactivities of
fucoxanthin, Okuzumi et al. (1990) demonstrated the anti-tumor activity of fucoxanthin
(isolated from brown algae, Hijikia fusiforme) on human neuroblastoma cells, GOTO cells.
The authors showed that fucoxanthin caused the arrest in the G0–G1 phase of the cell
cycle. In addition, fucoxanthin decreased the expression of the N-myc gene, and the
authors suggested this mechanism could prevent the proliferation of cancer cells [47]. In
the next several years, Okuzumi et al. (1993) showed that fucoxanthin inhibited duodenal
carcinogenesis induced by N-ethyl-N’-nitro-N-nitrosoguanidine in mice [48]. Fucoxanthin
was documented as a chemopreventive agent in the first bioactivities of fucoxanthin review
based on Scopus search results [49].

The bioactivities of fucoxanthin have been extensively studied. The bioactivities of
fucoxanthin in humans have been summarized in many review articles [2,4,5,8,50–53]. For
instance, Peng et al. (2011) [2] reviewed fucoxanthin’s metabolism, safety, and bioactiv-
ities. The bioactivities include antioxidant, anti-inflammatory, anti-obese, anti-diabetic,
antimalarial, anticancer, and anti-angiogenic activity and hepatoprotective, skin protective,
cerebrovascular protective, bone protective, and ocular protective effects [2]. Furthermore,
Thiyagarasaiyar et al. (2020) [5] discussed the cosmeceutical potentials of fucoxanthin as
skin whitening, anti-aging, anticancer, antioxidant, anti-inflammation, and antimicrobial.
In addition, Sathasivam and Ki (2018) [54] summarized the publications on anti-angiogenic,
anticancer, antidiabetic, anti-obesity, and antioxidant activity and then on the neuroprotec-
tive, cardioprotective, and osteo-protective effect of fucoxanthin. Despite these bioactivities,
the mechanism of these bioactivities also has been reviewed. For example, Rengarajan
et al. (2013) [55] summarized the mechanisms of anticancer effects of fucoxanthin. These
mechanisms were anti-proliferation, induction of apoptosis, cell cycle arrest, and anti-
angiogenesis. Moreover, the mechanisms of action of fucoxanthin on different types of
cancers were also elucidated [56]. Additionally, the modulation of inflammatory and
oxidative stress pathways using fucoxanthin was described [57]. Another review arti-
cle summarized the possible underlying mechanism of fucoxanthin on lipid metabolism,
adiposity, and related conditions [58].

The combined effect of fucoxanthin and the other compound(s) were also studied.
Maeda et al. (2007) [6] demonstrated that feeding both fucoxanthin and fish oil to KK-Ay

mice significantly reduced the WAT weight of mice compared with the mice fed fucox-
anthin alone. Moreover, the reduction of serum levels of triacylglycerols, glucose, and
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leptin in diet-induced obese rats was observed using a combination of fucoxanthin and
conjugated linoleic acid [59]. A combination of fucoxanthin and vitamin C has been shown
to increase human lymphocytes’ antioxidant and anti-inflammatory effects [60]. Another
study demonstrated the combined effects of low-molecular-weight fucoidan and fucox-
anthin in a mouse model of type II diabetes. The authors reported that the combination
effectively decreased the urinary sugar, glucose, and lipid metabolism in the WAT of the
mice than fucoidan or fucoxanthin alone [61]. The effects of fucoidan and fucoxanthin in
combination were investigated in aging mice and hyperuricemic rats. The combination
of these compounds improved the cardiac status of aging mice via decreased cardiac hy-
pertrophy, cardiac fibrosis, reactive oxygen species level, and shortened QT interval in the
mice [62]. For hyperuricemic rats, the combination inhibited xanthine oxidase activity in
the liver and controlled the expression of uric acid-related transporters [63]. Furthermore,
a combination of fucoxanthin and rosmarinic acid could offer photo-protective effects
through the downregulation of NRLP3-inflammasome and increasing the Nrf2 signaling
pathway in UVB-irradiated HaCaT keratinocytes [64]. Recently, a combination of fucox-
anthin, myoinositol, D-chiro-inositol, and hydroxytyrosol has been reported to decrease
systolic blood pressure and improve the vascular reactivity in a pregnant mouse model of
hypertension [65].

Apart from this, the bioactivities of fucoxanthin were also studied in the other or-
ganisms. Fucoxanthin enhanced the phagocytic activities three times and increased the
number of ovulated eggs of sea urchins by 3.25 times compared to the control group [66].
The planktonic larvae stage is crucial in the life cycle of coral. The percentage of a larval
metamorphosis of coral Pseudosiderastrea tayamai was further enhanced by 60.3% in the
presence of fucoxanthin compared to control group [67]. The effect of fucoxanthin was also
examined in fly and worm. The median and maximum lifespan of Drosophila melanogaster
(fly) was extended at least 33% and 12%, respectively using fucoxanthin. The decreased
flies’ fecundity, increased spontaneous locomotor activity, and resistance to oxidative stress
were observed when feeding the flies with fucoxanthin. For Caenorhabditis elegans (worm),
the feeding of fucoxanthin increased the mean and maximum lifespan by 14% and 24%,
respectively [68].

6.1.2. Photosynthesis

Diatoms and brown algae utilized unique light-harvesting antennas, FCPs, to perform
photosynthesis [69]. The pigment compositions and protein organization of FCPs are
mostly distinct from those of light-harvesting complexes (Lhcs) in land plants and green
algae [70,71]. At least 30 genes related to light harvesting have been identified based on the
genome of two diatoms, Thalassiosira pseudonana [72] and Phaeodactylum tricornutum [73].
The products encoded by these genes were categorized into three groups, Lhcf, Lhcr, and
Lhcx proteins. Proteins under the Lhcf family are the main light-harvesting proteins [74].
PSI antennae are composed of proteins from the Lhcr family [3], while Lhcx proteins are
involved in non-photochemical quenching mechanisms to protect the photosystem [75]. A
high similarity of Lhcx proteins to LI818 or LhcSR proteins of green alga was observed [76].

The FCP trimer, also known as FCPa, is the basic structure of different FCP proteins
in the native thylakoid membrane of pennate and diatoms [77]. Diverse populations of
FCP trimeric complexes, which differed in polypeptide composition and pigmentation,
were identified through the sub-fractionation of FCP complexes of P. tricornutum [78]. Four
different trimeric subtypes of FCPa in Cyclotella meneghiniana were revealed, FCPa1–4.
Lhcf4/Lhcf6 proteins were found mainly in the FCPa2 trimer, whereas Lhcf1 was reported
to be the major subunit in FCPa1, FCPa3, and FCPa4 [79]. Buchel (2003) [80] discovered
that two FCP fractions differed in the polypeptide composition and oligomeric state from
C. meneghiniana. The first fraction consisted of trimers with mainly 18 kDa polypeptides
(FCPa), while the higher oligomers assembled from different trimers (19 kDa subunits)
constituted the second fraction (FCPb). Two oligomeric subtypes, FCPb1 and FCPb2,
with Lhcf3 being the main subunit in both antenna complexes in C. meneghiniana were
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revealed [79]. Different FCP complexes were observed using anion chromatography and
divided into FCP complexes related to PSI, PSII core complexes, and peripheral FCP
complexes. Various Lhcf proteins were detected in FCP complexes associated with PSI
and PSII core complexes, whereas peripheral FCP complexes mainly contained Lhcf8 and
Lhcf9. Subunits of the PSI core complex composed of Lhcr proteins and Lhcx proteins were
the protein subunits that were identified in the PSII core complex [81].

The idea of the FCP trimer as the basic unit of photosynthesis antenna proteins in
fucoxanthin-containing algae was contradicted by the findings based on cryo-electron
miscopy [82–85] and X-ray crystallography [86]. Wang et al. (2019) [86] unraveled the X-ray
crystal structure of an FCP of P. tricornutum, which had two monomers held together to form
the dimeric structure of FCP within the PSII core. In addition, the cryo-electron microscopy
data of the PSII–antenna supercomplex of Chaetoceros gracilis revealed a tetrameric organi-
zation of FCP proteins associated with the PSII [82]. Furthermore, 24 FCPs surrounding
the PSI core of C. gracilis were in monomeric form based on cryo-electron microscopy [83].

Important characteristics of pigment organization of isolated FCP and the role of
fucoxanthin molecules in excitation energy transfer have been unraveled using steady-state
and ultrafast spectroscopic methods [87,88]. Efficient energy transfer was observed from
fucoxanthin and chlorophyll c (Chl c) to Chl a based on spectroscopic studies [87,89,90].
At least three forms of fucoxanthin molecules differ in their photophysical and dipolar
properties, Fxred, Fxgreen, and Fxblue [91,92] and were confirmed using resonance Raman
spectroscopy [93]. The Fxred form transfers energy more efficiently, while the Fxblue form
demonstrated less efficiency in transferring excitation energy [92]. The time of energy
transfer from fucoxanthin to Chl (around 300 fs) was shorter than the transfer from Chl
c to Chl a (around 500 fs–6 ps), indicating that the fastest energy transfer was between
fucoxanthin and Chl a [94]. Most of the pump-probe studies examined the dynamical
energy transfer process in FCP of fucoxanthin-containing algae. For example, Papagianakis
(2005) [87] characterized the energy transfer network in FCP. The energy transfer efficiency
from Chl c to Chl a is 100%, whereas unequal efficiency was observed for fucoxanthins
in the FCP. Furthermore, findings based on polarized transient absorption indicated that
three fucoxanthin molecules in FCPa transferred their excitation energy directly to Chl
a. The remaining fucoxanthin molecule was not associated with Chl a molecules and
might transfer its excitation energy through another fucoxanthin molecule to Chl a [89].
In addition, a detailed model was proposed in describing the energy transfer in FCPa
upon excitation at two different wavelengths [95]. Another study demonstrated the highly
efficient energy transfer from Fx to Chl-a through the S1/ICT state using the pump-probe
method [96]. Apart from pump-probe techniques, two-dimensional electronic spectroscopy
(2DES) has offered insights into energy change transfer dynamics, exciton diffusion, and
molecular system relations [97–99]. The advances in knowledge of the mechanisms and
dynamics of energy transfer in the FCPs of diatoms that have been accomplished using
two-dimensional electronic spectroscopy (2DES) were reviewed [100].

In addition to FCPs’ function as a light-harvesting complex, pigments in the FCPs are
also involved in photoprotection. Non-photochemical quenching (NPQ) is the protection
mechanism that most algal groups utilize to dissipate excess absorption energy as heat via
molecular vibrations. One xanthophyll pigment, diadinoxanthin (Dd), was observed in a
peripheral location of FCP [86]. This pigment is converted to diatoxanthin (Dt) under high
light intensities [101]. The conversion showed a close relationship with the build-up of
the NPQ mechanism [102]. Previously, the amount of diatoxanthin (Dt) was established to
influence the NPQ mechanism in vivo, whereas the reduction of fluorescence yield of FCPa
complexes in vitro was caused by Dt [103]. In addition, the acidification of thylakoid lumen
regulated the ratio between Dd and Dt, which could affect the activities of the epoxidase
and de-epoxidase in the NPQ mechanism [104]. Gundermann and Claudia (2012) [105]
examined the factors determining the NPQ process in diatoms. The components involved
in the NPQ mechanism in C. meneghiniana were reported to be heterogeneous and genuinely
different from the NPQ type in P. tricornutum [106]. Apart from xanthophyll pigments
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(Dd and Dt), Lhcx proteins play an essential role in the NPQ mechanism [76,107]. The
amount of xanthophyll cycle pigments in various FCP preparations showed a relationship
with the existence of Lhcx1 protein [108]. This protein was shown to have short-term
photoprotection [107], which induced the conformational changes of the FCPs and reduced
fluorescence yield [109]. The molecular structure, the arrangement of the different Lhc
proteins in the complexes, the energy transfer abilities, and the photoprotection of other
Lhc systems of Chl c containing organisms were reviewed recently [110].

6.1.3. Optimization of Process

The optimization of the process cluster focused mainly on the biosynthesis, biotech-
nology, extraction, and purification of fucoxanthin. Algal cultivation and fucoxanthin
production are the major components of the biosynthesis section. Previous studies demon-
strated that the fucoxanthin content of microalgae is higher than that of brown macroal-
gae [111,112]. The fucoxanthin extracted from fresh brown macroalgae ranged from 0.02 to
0.87 mg/g fresh weight, while the dried form of microalgae showed 1.81–15.33 mg/g dried
weight (DW) fucoxanthin [111]. In diatoms, the fucoxanthin content ranged from 0.224% to
2.167% (around 0.224–21.67 mg/g) of dry weight [111,113]. Currently, P. tricornutum is the
major natural fucoxanthin source in microalgae due to its substantial fucoxanthin [111,114].
Nevertheless, the lower dry well weight (g/L) of this microalgae [114] prompted the search-
ing for alternative fucoxanthin sources via screening. The screening of high-performance
microalgae strain is crucial, as it could determine the success of producing the desired
amount of fucoxanthin prior to algal cultivation. Previous studies attempted to screen
for potential microalgae with a high production of fucoxanthin [115,116]. For instance,
Guo et al. (2016) [115] screened 13 diatoms strains to identify a promising strain with
desired fucoxanthin production. Among these 13 diatoms strains, the highest fucoxan-
thin content was Odontella aurita (1.50% or 15.00 mg/g DW). A maximum biomass and
fucoxanthin concentration of 6.36 g/L and 18.47 mg/g DW were reported for O. aurita,
respectively [117]. Another study screened Isochrysis strains for their potential for con-
current DHA and fucoxanthin production [116]. Isochyrsis CCMP1324 demonstrated the
comparable biomass concentration (2.72 g/L), DHA content (16.10 mg/g) and fucoxanthin
content (14.50 mg/g). The accurate identification of microalgae is essential in the screening
process to ensure repeatability, reproducibility, and quality assurance. A comprehensive
identification method could assign a precise identity to the microalgae [118]. Successful
algal cultivation is affected by the culture parameters. The past studies optimized several
culture parameters to obtain the maximum amount of fucoxanthin [114,116]. For instance,
McClure et al. (2018) [114] optimized the culture parameters such as light intensity, medium
composition, and carbon dioxide addition on the fucoxanthin production of P. tricornutum.
The authors obtained the maximum concentration of fucoxanthin (59.20 mg/g), which is
nearly four times higher than that found by Kim et al. (2012) [111]. These parameters are
required to optimize in order to develop a sustainable, feasible, and economically viable
cultivation modus operandi for the microalgae [119].

Genetic transformation is one of the critical components of genetic engineering. Sev-
eral genetic transformation protocols have been established for fucoxanthin-containing
microalgae [120–123]. In addition, successful genetic engineering relies on a suitable pro-
moter. Several past researchers searched for the promising promoter in enhancing the
gene expression of fucoxanthin-containing algae [122,124]. For example, four different
promoters were examined for the genetic transformation of brown algae [122]. The authors
concluded that the FCP promoter of P. tricornutum was the most suitable promoter for the
brown algae, as this promoter induced both integrated and transient expression in the
algae. Erdene-Ochir et al. (2016) [124] discovered a potential endogenous promoter of P.
tricornutum, which is a glutamine synthetase promoter. This promoter induced the gene
expression constitutively, and it was at least four times higher than the FCP promoter at
the stationary phase.
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Furthermore, four additional novel promoters were found in P. tricornutum under
varied nitrate availability [125]. Moreover, five putative endogenous gene promoters highly
expressed in P. tricornutum were isolated [126]. The activity of the Vacuolar ATPase (V-
ATPase) gene promoter was higher than the other promoters and could drive the gene
expression under both light and dark conditions at the stationary phase. The overview
of the fucoxanthin synthesis pathway is crucial in genetic engineering. Several review
articles have discussed the biosynthetic pathway of fucoxanthin [127–129]. Previous stud-
ies adopted the genetic engineering of the carotenoid gene(s) to improve the fucoxanthin
content [130,131]. For instance, the introduction of an additional endogenous 1-deoxy-
D-xylulose 5-phosphate synthase and phytoene synthase (Psy) gene separately into the
genome of P. tricornutum resulted in an elevation of carotenoids amounts such as fucoxan-
thin [130]. In addition, the overexpressing of the phytoene synthase gene (isolated from P.
tricornutum) in P. tricornutum also enhanced the fucoxanthin content by around 1.45-fold
compared to the wild-type diatom [131]. Recently, Manfellotto et al. (2020) [33] produced
P. tricornutum transformants with the overexpression of violaxanthin de-epoxidase, Vde-
related, and zeaxanthin epoxidase 3. These transformants demonstrated an increased
accumulation of fucoxanthin content up to four-fold compared to the wild type.

The production of high-quality fucoxanthin depends on an effective extraction and
purification method. Various protocols have been utilized to recover and purify fucox-
anthin from algae. These included centrifugal partition chromatography [132], column
chromatography [133], microwave irradiation [113], pressurized liquid extraction [134],
supercritical carbon dioxide extraction [135], ultrasound-assisted extraction [136], and
traditional solvent extraction followed by chromatographic methods [137,138]. Differ-
ent extraction methods for fucoxanthin have been compared, and the extracted amount
was variable [139]. In addition, other parameters such as solvent types, solvent volume,
temperature, etc., are crucial in determining the concentration and purity of fucoxanthin.
Therefore, optimum conditions of these parameters are necessary for obtaining the highest
wield possible [140]. Several review articles have discussed in depth the extraction and pu-
rification of fucoxanthin. For example, carotenoids (i.e., fucoxanthin) extracted from algae
using different innovative methods were summarized [141]. In addition, Lourenco-Lopes
et al. (2020) discussed the available extraction, quantification, and purification methods
with the purpose of recovering the highest ratio of fucoxanthin [142].

6.1.4. Environment

Specific pigment fractions have been utilized to identify the algal types in the phyto-
plankton community. Fucoxanthin is a specific pigment in Bacillariophyceae and Chryso-
phyceae, whereas Pyrrophyta consists of peridinin as their unique pigment. Chlorophyll b
and/or lutein are exclusive to Chlorophyta and Euglenophyta, while the specific pigment
of Cyanophyta is myxoxanthophyll [143,144]. Pigment analysis using chromatographic
methods provided reliable results of different major algal types in the phytoplankton
community than microscopy enumeration [143]. Therefore, pigment analysis has been
applied in the environmental study of algae. For example, Barlow (1995) [145] investigated
the phytoplankton community in the western Alboran Sea based on pigment biomarkers.
Recently, Wang et al. (2020) [146] reported the seasonal differences of the phytoneuston
community structure in Daya Bay based on algal pigment analysis. The unique pigment
of algae could also be employed to monitor the phytoplankton changes during the bloom
of phytoplankton and determine the causative species for the bloom [147]. Moreover, the
freshwater phytoplankton dynamics affected by seasonally variable freshwater inputs were
investigated using pigment biomarkers [148]. Another study employed phytoplankton
pigment profiling as a potential bioindicator of stratification conditions in lakes [149].
Apart from these, the significance of algal pigments was highlighted for paleolimnological
research [150,151]. On the other hand, the algal pigment was also utilized to study the diet
of zooplankton [152] and the impact of grazing by zooplankton on phytoplankton in the
environment [153].
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7. Commercial Products and Potential Applications of Fucoxanthin

Until now, only two algae extracts containing fucoxanthin as commercial products are
available in the market (Figure 6). Xanthigen is an antiobesity commercial product, which
combined 0.4% fucoxanthin from brown macroalgae Undaria pinnativida and 35% punicic
acid from pomegranate seed oil (https://nektium.com/branded-ingredient/xanthigen/,
accessed on 30 July 2021). The antiobesity activity of this product was examined in a
clinical trial [154]. The findings indicated the reduction of body and liver fat content and
improved liver function in the subjects after orally administered Xanthigen for 16 weeks.
The suppression of adipocyte differentiation and lipid accumulation by Xanthigen was
via multiple mechanisms [155]. In addition, Xanthigen was demonstrated to be safe for
consumption [156]. The other commercial product is FucoVital (https://www.algatech.com/
algatech-product/fucovital/, accessed on 30 July 2021), which consists of 3% fucoxanthin,
omega-3s, and other beneficial fatty acids (extracted from P. tricornutum). FucoVital is the
first fucoxanthin food ingredient product to improve liver health that was approved by the
United States Food and Drug Administration (NDI 1048, 2017).

Figure 6. Commercial products and potential applications of fucoxanthin.

Several studies demonstrated the potential in commercializing fucoxanthin. For
renewable energy, brown macroalgae (Sargassum wightii) extract (contained fucoxanthin)
was shown to be suitable as a sensitizer in a solar cell, as it is a low-cost and environmentally
friendly alternative to the ruthenium metal complexes [157]. In addition, high open-circuit
photovoltage was observed in the bio-photovoltaic devices fabricated with FCP complexes
and titanium dioxide nanostructures [158]. These findings indicated the possibility of
fucoxanthin to be exploited in solar cells at the commercial level.

On the other hand, the cosmetic properties of fucoxanthin have been illustrated
in several studies. For instance, a topical formulation containing fucoxanthin has been
developed that could prevent exacerbations related to skin inflammatory pathologies and
protect skin against UV radiation [159]. In addition, solid lipid nanoparticle formulation
loaded with fucoxanthin demonstrated the UV-blocking potential [160]. Furthermore, Kang
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et al. (2020) reported that fucoxanthin concentrate extracted from P. tricornutum could be
utilized as an active ingredient in wrinkle care cosmetics [161].

The benefits of fucoxanthin as a feed to broiler chicken were highlighted in several
studies. Sasaki et al. (2010) [162] demonstrated feeding fucoxanthin to the broiler chicken
enhanced both the plasma antioxidative status and meat color of the chicken. Moreover,
fucoxanthin also decreased the number of harmful microorganisms and regulated the
antioxidant metabolism of the chicken meat [163]. The addition of 10–15% of brown
macroalgae into the basal diet of laying hens augmented the carotenoid content of the
yolks by 7.5–10-fold [164]. Apart from these, the incorporation of edible brown macroalgae
(rich in fucoxanthin) into the semolina (wheat)-based pasta enhanced the nutritional value
of the pasta [165]. Furthermore, Mok et al. (2016) developed whole milk and skimmed
milk fortified with fucoxanthin [166]. These fucoxanthin incorporated products showed
superior plasma absorption and organ tissue accumulation rates for fucoxanthin [167].
Overall, these studies revealed the possibility of fucoxanthin to be widely exploited at the
commercial level in addition to the health supplements (Xanthigen and FucoVital).

8. Challenges and Possible Solutions

Recently, a broad spectrum of health benefits of fucoxanthin has been well illustrated.
Thus, the demand for fucoxanthin is increasing rapidly. To fulfill the demand, the com-
mercial production of fucoxanthin is a necessity. However, there are several challenges in
fucoxanthin production. The amount of fucoxanthin produced using chemical synthesis is
insufficient to meet the demand of the fucoxanthin market [168]. Hence, the fucoxanthin
source has been shifted to natural sources such as brown macroalgae [40] and microal-
gae [111]. Microalgae are preferred as fucoxanthin sources due to their superior fucoxanthin
content [111]. Commercial viability in fucoxanthin production was only examined in a few
microalgae strains [169]. A comprehensive screening of high fucoxanthin-producing mi-
croalgae should be adopted globally via international collaboration. A further selection is
needed to ensure the consistent production of biomass and fucoxanthin under variable con-
ditions when cultivated in either the laboratory or outdoors [170]. Commercial fucoxanthin
production relies on cultivation, extraction, and purification parameters. The optimization
of these parameters is needed to enhance fucoxanthin production. With the optimized
parameters, a standardized fucoxanthin production protocol could be developed to achieve
a cost-effective production of fucoxanthin. Although biosynthesis pathways of fucoxanthin
have been reviewed extensively [127–129], some pathways remain obscure due to the lack
of experimental validation of these enzymes, intermediate products, and pathways [171].
Utilizing “omics” techniques could offer detailed insight into the ambiguous metabolic
pathways and regulatory mechanisms in producing fucoxanthin [172].

Quality control is important in ensuring the safety, efficacy, and quality of a par-
ticular product. Heavy metal, pesticides, and other chemical contaminations might be
present in the microalgae samples. Thus, monitoring the level of these contaminations
according to the World Health Organization and the United States Food and Drug Ad-
ministration is essential. The poor stability, low solubility, and weak bioaccessibility of
fucoxanthin pose a challenge when incorporating fucoxanthin into food or supplements.
The usage of nano/micro-encapsulation of fucoxanthin improved its stability and bioavail-
ability [173,174]. Furthermore, most of the studies examined fucoxanthin effects only for
a short duration [154]. Some bioactive compounds, such as alginates, have short period
effects [175]. The effect of fucoxanthin might be overestimated regarding long-term effects.
Thus, more intensive and longer studies, particularly human trials, are required to develop
and verify fucoxanthin’s “true” effects.

9. Conclusions

The research trends of fucoxanthin from 1928 to June 2021 were analyzed in the present
study. A significant increase in fucoxanthin publications, especially in recent years, was
observed. This trend corroborates with the increased market demand for fucoxanthin over
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recent years (Global Fucoxanthin Market 2020). According to the bibliometric analysis,
the three most productive countries were Japan (379 articles), the United States (319 ar-
ticles), and China (230 articles). The top productive institutions were led by Hokkaido
University, Japan (110 articles), followed by the CNRS Centre National de la Recherche
Scientifique, France (61 articles), and Goethe-Universität Frankfurt am Main, Germany
(49 articles). The analysis revealed that the United States and Germany were significantly
intertwined within the global research network. Miyashita, Kazuo from Japan was the
most productive and impactful author on fucoxanthin research with 88 publications and
a Scopus h-index of 50. Most of the fucoxanthin articles were published in the Marine
Drugs journal (123 articles) and the agricultural and biological sciences category (27.0%).
Based on the keyword analysis, the research concepts of fucoxanthin could be divided
into four clusters: bioactivities of fucoxanthin, photosynthesis, optimization of process,
and environment. The bioactivities of fucoxanthin were identified as the potential future
direction as the number of these studies increased tremendously over the years. The current
study revealed the research trends of fucoxanthin and offered valuable information (i.e.,
most productive author, institutions, country) to establish effective global collaborations in
studying fucoxanthin. In addition, the current findings could be utilized as fundamental
in constructing impactful fucoxanthin research to expand the scientific knowledge on this
unique carotenoid.
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Abstract: This study investigates the inhibitory effect of astaxanthin (AST) on testosterone-induced
benign prostatic hyperplasia (BPH) in rats. Except for the sham operation, BPH model rats were ran-
domly assigned to five groups: the BPH model control rats, AST-treated BPH model rats (20 mg/kg,
40 mg/kg, and 80 mg/kg), and epristeride (EPR)-treated BPH model rats. After treatment, as com-
pared with the BPH model control rats, the prostate and ventral prostate weights of the AST-treated
rats decreased, while there was a marked decline in the 80 mg/kg AST-treated rats. The same effect
was also observed in the prostate index and ventral prostate index. The proliferation characteristics of
epithelia observed in the BPH model control group were gradually alleviated in the AST-treated rats.
As compared with the BPH model control rats, lower epithelial thicknesses of prostates and fewer
secretory granules in epithelia were observed in the AST-treated rats. The superoxide dismutase
(SOD) activity of prostates increased in all the AST-treated rats with a significant increase in the
40 mg/kg and 80 mg/kg AST-treated rats. The testosterone (T) and dihydrotestosterone (DHT) levels
of prostates in the AST-treated groups were lower than those in the BPH model control group, and a
significant decline was found in the T level of prostates in the 40 g/kg and 80 mg/kg AST-treated
rats and the DHT level of prostates in the 40 mg/kg AST-treated rats. These results indicate that AST
might have an inhibitory effect on T-induced BPH in rats, possibly due to SOD activity regulation
and T and DHT levels.

Keywords: astaxanthin; benign prostatic hyperplasia; pharmacodynamics; SOD activity

1. Introduction

Benign prostatic hyperplasia (BPH) refers to the progressive enlargement of the
prostate gland and is one of the most common diseases in the aging male population.
Approximately, half of men over 50 years of age develop BPH [1]. BPH is usually accompa-
nied by lower urinary tract symptoms and related complications such as urinary frequency,
urinary retention, and urinary tract infection, which may lead to a decrease in the quality
of life and even cause extreme annoyance and embarrassment. BPH is typically treated
with pharmacological intervention or surgery [2].

Notwithstanding, the first treatment option for many BPH patients is still pharmaco-
logical therapies, among which the main classes of medicine include 5α-reductase inhibitors
and α-adrenergic blockers are currently used for symptom relief [3]. However, the adverse
side effects of these traditional medications, such as retrograde ejaculation, orthostatic
hypotension, and erectile dysfunction, which affects many patients, remain a major chal-
lenge [4]. Therefore, it is necessary to search for and use “safer” and effective alternatives
against BPH.

Carotenoid astaxanthin (AST) is a red-orange pigment primarily found in organisms,
such as shrimp, algae, fish, and crustaceans, containing two oxygenated ends on each tail
of the structure (Figure 1) [5,6]. This natural dietary carotenoid has a variety of functions,
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including antioxidant, anti-inflammatory, and antitumor properties [7–10]. Moreover,
a previous study demonstrated that AST might be safe and well tolerated in rats [11].

Rat prostate mainly consists of paired ventral lobes and paired dorsal lobes [12]. Each
lobe is composed of acini, lined by a single epithelium layer and separated by connective
tissues containing stromal cells [12,13]. Prostate growth may be stimulated by the continued
presence of certain hormones such as testosterone (T) [14]. Dihydrotestosterone (DHT),
which is the most active and principal androgen in the prostate, is synthesized from
T by the enzyme 5α-reductase. Therefore, the activity of enzyme 5α-reductase, whose
isoform 2 predominates in the prostate, may play an important role in the pathogenesis and
progression of BPH. Research has suggested that low levels of AST can inhibit 5α-reductase
significantly in vitro [15].

Moreover, AST may have an inhibitory effect on prostate cancer. Studies have in-
dicated that AST can modulate the proliferation and apoptosis of cells and inhibit PC-3
xenograft prostate tumors in nude mice [10]. Research has also shown that AST can inhibit
the proliferation of aggressive PCa DU145 cells [16].

However, to the best of our knowledge, there is no evidence of the efficacy of AST
on BPH in vivo. In the present study, we investigated whether AST could inhibit the
development of T-induced BPH in rats.

Figure 1. Chemical structure of astaxanthin [7].

2. Results

2.1. Effect of AST on Prostate Weight

T was used to induce prostatic hyperplasia in rats for four weeks, and the prostate
(including ventral and dorsal prostate) weight of each rat was measured. As shown in
Figure 2A,C, as compared with the BPH model control rats, the prostate and ventral prostate
weights of the AST-treated rats decreased in a dose-response manner, while the prostate
weights (p < 0.05) and ventral prostate weights (p < 0.01) of the 80 mg/kg AST-treated rats
significantly declined. Prostate weights and ventral prostate weights of EPR-treated rats
were also lower than those of the BPH model control rats. Dorsal prostate weights were
not significantly different between the treated groups and the BPH model control group,
as shown in Figure 2E.

2.2. Effect of AST on the Body Weight and Prostate Index

The body weights of rats treated with AST or epristeride (EPR) for four weeks are
shown in Figure 2G. The prostate index was defined as the ratio of prostate weight to the
rat’s body weight. The same effects shown in the prostate weights and ventral prostate
weights were also found in the prostate index and ventral prostate index values in the
AST-treated and EPR-treated rats (Figure 2B,D). The dorsal prostate index values in the
treated groups and the BPH model control group did not differ significantly, as shown in
Figure 2F.
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Figure 2. Rat body weights (G) and the effect of AST on the weight of the prostate and the prostate index (including ventral
and dorsal prostate). Data represent the mean ± SEM (n = 12). * Significantly different from BPH model control group,
p < 0.05 and ** significantly different from BPH model control group, p < 0.01. (A) Prostate weight; (B) prostate index;
(C) ventral prostate weight; (D) ventral prostate index; (E) dorsal prostate weight; (F) dorsal prostate index.
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2.3. Effect of AST on the Histopathology and Ultrastructural Pathology of Prostate Tissues

A histopathological examination, called the “golden standard,” is one of the most
important and reliable diagnostic methods for the evaluation of pathogenesis. The ef-
fect of AST on the histomorphology of ventral prostates in BPH model rats is shown in
Figure 3A–F. The histological features found in the BPH model control rats were tall colum-
nar epithelium, simple multifocal epithelial thickening with cellular crowding, and folding
of the lining epithelium extending into lumina (Figure 3B). As compared with the BPH
model control rats, these features were gradually ameliorated in the AST-treated rats
(Figure 3C–E) in a dose-dependent manner, while similar morphological changes were
observed in the EPR-treated rats (Figure 3F).

The epithelial thicknesses of ventral prostates in all rats were measured, and the
average values of epithelial thickness in all groups are shown in Figure 3G. The average
values of epithelial thickness in the AST-treated rats were significantly lower (p < 0.01)
than in the BPH model control rats, shown in a dose-response manner; the average values
of epithelial thickness in the EPR-treated rats also markedly decreased as compared with
those in the BPH model control rats (p < 0.01).

Secretory granules in ventral prostates were observed using transmission electron mi-
croscopy (TEM), as shown in Figure 4. As compared with the BPH model control rats, there
were fewer secretory granules observed in the AST-treated rats in a dose-dependent manner.

Figure 3. Cont.
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Figure 3. Effect of AST on histomorphology and epithelial thicknesses of ventral prostates in BPH rats. (A) No abnormal
histological changes were observed in the sham operation; tall columnar epithelium, simple multifocal epithelial thickening
with cellular crowding, and folding of the lining epithelium extending into lumina (arrows) were observed in: (B) the
BPH model control rats; (C) 20 mg/kg, (D) 40 mg/kg, and (E) 80 mg/kg AST-treated BPH rats; (F) EPR-treated BPH rats;
Hematoxylin and eosin (H&E) 100×; (G) epithelial thicknesses of prostates in the sham operation, BPH model control
group, and AST or EPR treated groups. Data represent the mean ± SEM. (n = 12). ** Significantly different from BPH model
control group, p < 0.01.

Figure 4. Cont.
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Figure 4. Images of ventral prostates under TEM, 4200×. Secretory granules (arrows) were observed in: (A) Sham operation;
(B) BPH model control rats; (C) 20 mg/kg, (D) 40 mg/kg, and (E) 80 mg/kg AST-treated BPH rats; (F) EPR-treated BPH rats.

2.4. Effect of AST on the Superoxide Dismutase (SOD) Activity of Prostates

SOD is an important antioxidant enzyme in organisms. The effect of AST on the SOD
activity of ventral prostates in the BPH model rats is shown in Figure 5. As compared with
the BPH model control rats, the SOD activity of prostates in the AST-treated rats increased
in a dose-dependent manner, while the SOD activity of prostates in the 40 mg/kg (p < 0.05)
and 80 mg/kg (p < 0.01) AST-treated rats increased significantly.

Figure 5. AST increased the SOD activity of ventral prostates. Data represent the mean ± SEM. (n = 5). * Significantly
different from BPH model control group, p < 0.05, and ** significantly different from BPH model control group, p < 0.01.

2.5. Effect of AST on the Levels of T and DHT

T and DHT are the primary androgens in the prostate. The levels of T and DHT
in ventral prostates in all groups are shown in Figure 6A,B. As compared with the BPH
model control rats, the prostate T and DHT levels in the AST-treated rats decreased,
while the T levels in the 40 mg/kg and 80 mg/kg AST-treated rats significantly decreased
(p < 0.05); the DHT levels of prostates in the 40 mg/kg AST-treated rats (p < 0.05) also
decreased significantly.
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Figure 6. AST decreased levels of T (A) and DHT (B) in ventral prostates. Data represent the mean ± SEM. (n = 5).
* Significantly different from BPH model control group, p < 0.05, and ** significantly different from BPH model control
group, p < 0.01.

3. Discussion

To the best of our knowledge, this is the first study to evaluate the inhibitory effect
of AST on BPH in vivo. BPH is characterized by an enlarged prostate. Castration was
performed to eliminate the influence of endogenous androgen, and rats were given a
5 mg/kg BW/day dose of exogenous androgen to build the BPH model, considered to be
relatively closer to the pathogenesis of clinical BPH, as previously reported [17,18]. In the
present study, except for the sham-operated rats, BPH model rats were randomly divided
into five groups: BPH model control rats, AST (20 mg/kg, 40 mg/kg, and 80 mg/kg)-
treated BPH model control rats, and EPR-treated BPH model control rats. A decline in the
prostate and ventral prostate weights and index of prostates and ventral prostates in the
AST-treated groups were observed, and a significant decline was found in the 80 mg/kg
AST-treated group as compared with the BPH model control rats. The prostate and ventral
prostate weights and the prostate index values of prostates and ventral prostates in the
80 mg/kg AST-treated rats were also lower than those in the EPR-treated rats. However,
the dorsal prostate weights and dorsal prostate index values of the AST-treated rats did not
differ significantly from those of the BPH model control rats. Hence, the results suggest
that AST might have a more significant inhibitory effect on ventral prostates than dorsal
prostates in T-induced rats.

Histological observation of BPH is described as the proliferation of the stroma and
epithelia. After treatment for four weeks, the histomorphology of prostates in the T-induced
BPH rats was evaluated. The proliferation characteristics of epithelia such as tall columnar
epithelia, simple multifocal epithelial thickening with cellular crowding, and folding of
the lining epithelia extending into the lumina were markedly observed in the BPH model
control group, which were gradually alleviated following AST treatment. The epithelial
thicknesses of prostates in all rats were measured, and secretory granules in the epithelia
were also observed under TEM. The epithelial thickness of prostates in the AST-treated
rats was markedly lower than that in the BPH model control rats. It was also reported
that the secretory granules that release their contents into the gland lumen increased in the
T-induced BPH model as compared with the normal control [19,20]. In the present study,
fewer secretory granules in the epithelia were observed in the AST-treated rats than in the
BPH model control rats. These results indicate that AST might ameliorate the epithelial
thicknesses of prostates and decrease the number of secretory granules in epithelia in
T-induced BPH rats.

T and DHT are the principal androgens in the prostate, possibly related to the de-
velopment of BPH [21]. The levels of T and DHT of prostates in the three AST-treated
groups decreased as compared with the BPH model control group; a significant decline
was found in the T level of prostates in the 40 mg/kg and 80 mg/kg AST-treated rats and
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the DHT level of prostates in the 40 mg/kg AST-treated rats, albeit not in a dose-response
relationship. These results indicated that AST might cause the decrease in T and DHT
levels in prostate tissues of T-induced BPH rats.

Oxidative stress, defined as the imbalance between the production and elimination of
reactive oxygen species, can be alleviated by antioxidants and is one of several parameters
considered to play a pivotal role in the development of BPH [22–24]. SOD, a group of
antioxidant enzymes, plays an important role in oxidative stress in cells [25]. Research
has suggested that erythrocyte SOD activity was significantly decreased in BPH patients
as compared with age- and sex-matched healthy subjects [26]. Moreover, T injection in
the BPH model has been shown to weaken cellular antioxidant mechanisms, including a
decrease in SOD activity [27–29]. In this study, the SOD activity of prostates in the AST-
treated rats increased, while the SOD activity of prostates in the 40 mg/kg and 80 mg/kg
AST-treated rats was significantly higher than that in the BPH model control rats. These
results demonstrated that AST might inhibit T-induced BPH in rats by regulating SOD
activity. Further experiments on the mechanism by which AST regulates SOD activity in
the present study will be carried out.

4. Materials and Methods

4.1. Materials

AST was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shang-
hai, China) (lot no. F2030151). EPR was manufactured by Jiangsu Lianhuan Pharmaceutical
Group Co., Ltd. (Jiangsu, China) (lot no. 20191002). Testosterone propionate was provided
by Ningbo Second Hormone Factory (Ningbo, China) (lot no. 2003071). The SOD assay
kit was obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) (lot
no. 20210515). The T and DHT assay kits were purchased from Cusabio Biotech Co., Ltd.
(Wuhan, China) (lot nos. C0307110304 and C0307100303).

4.2. Animals

The 72 male pathogen-free Sprague Dawley rats at 6–7 weeks of age were purchased
from the Shanghai Sippr- BK Laboratory Animal Co., Ltd (Shanghai, China). Rats were
housed 4 per cage with ad libitum access to water and feed in an environmentally con-
trolled animal room (temperature 24 ± 2 ◦C, relative humidity 50 ± 10%, 12 h light-dark
cycle) at the Shanghai Institute for Biomedical and Pharmaceutical Technologies. All exper-
imental procedures were approved by the Animal Care and Use Committee of Shanghai
Institute for Biomedical and Pharmaceutical Technologies (certificate no. 2020-29), and per-
formed in conformity with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

4.3. Study Design and Treatment

After 5 days of acclimatization, the rats, except for twelve in the sham operation group,
were castrated under pentobarbital sodium anesthesia before the experiment to prevent
the influence of intrinsic testosterone. Except for the sham-operated rats which were just
submitted to anesthesia and testicles exposure, castration was performed by removing
testicles with epididymal fat via the scrotal route, as published previously [30].

Twelve normal rats, administrated olive oil orally and injected olive oil subcutaneously
daily, served as the sham operation group. The other sixty castrated rats were randomly
assigned into five groups (n = 12/group): (A) BPH model control group administrated
olive oil orally and testosterone (5 mg/kg/day, s.c.), (B–D) AST groups treated with AST
(20, 40 and 80 mg/kg /day, respectively) dissolved in olive oil orally and testosterone
(5 mg/kg/day, s.c.), (E) EPR group (positive control group) given EPR (2 mg/kg/day) by
oral gavage and testosterone (5 mg/kg/day, s.c.). EPR is used to treat benign prostatic
hyperplasia to decrease prostate size and relieve the symptoms [31]. All rats in this
experiment were treated once a day for four consecutive weeks. All animals’ body weights
were measured once a week. At the end of experiment, under pentobarbital sodium
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anesthesia, prostates of all the rats were removed and weighed. One part of each ventral
prostate lobe was fixed in 10% neutral buffered formalin for histopathological examination,
while the remainder of each prostate was flash frozen in liquid nitrogen, and then stored at
−80 ◦C for other analyses.

4.4. Prostate Index

The prostate index was calculated as the ratio of the prostate weight to the rat’s
body weight.

4.5. Histopathological Examination

Following dehydration, the fixed prostates were embedded in paraffin, cut into 4 μm
sections, and then stained with hematoxylin and eosin (H&E). Coverslips were mounted on
the microscope slides containing tissue sections using mounting medium. Then, morpho-
logical changes were investigated and epithelium thicknesses of prostates were measured
under a light microscope.

4.6. TEM

The ventral prostates were washed with normal saline solution and cut into pieces
of about 1 mm3 on ice, and fixed with a 2.5% glutaraldehyde solution for 2 h at 4 ◦C.
Following three washes with 0.1 M PBS, the tissues were postfixed in 1% osmium tetroxide
for 2 h. After dehydration in ascending concentrations of ethanol and acetone, the tissues
were embedded in Epon 618. Thin 70 nm sections stained with lead citrate were examined
under a transmission electron microscope.

4.7. Analysis of SOD Activity

The frozen prostate tissue was homogenized in cold normal saline solution. The ho-
mogenate was centrifuged at 1520× g for 10 min at 4 ◦C. Then, the supernatants were
collected, and the Bradford protein assay (Bradford assay) was used to quantify the protein
amount. The SOD activity was assessed strictly according to the manufacturer’s protocol,
as previously reported [32–34].

4.8. Analysis of Levels of T and DHT

The frozen prostate tissue was homogenized in cold normal saline solution. After
two freeze-thaw cycles, the homogenate was centrifuged at 5000× g for 5 min at 4 ◦C.
The supernatants were collected, while protein amounts were quantified by Bradford assay.
Levels of T and DHT were assessed strictly according to the manufacturer’s protocol,
as previously reported [35–37].

4.9. Statistical Analysis

Data obtained from this experiment are presented as means ± standard error of the
mean (SEM). When equal variance was assumed, the data were evaluated using one-way
analysis of variance (ANOVA) followed by post hoc LSD for multiple comparisons. When
equal variance was not assumed, the data were analyzed by the non-parametric Kruskal–
Wallis test with the Mann–Whitney U test for multiple comparisons. A significant difference
was defined as p < 0.05 or p < 0.01.

5. Conclusions

The results of this study indicated that AST might have an inhibitory effect on T-
induced BPH, especially in the ventral prostate, possibly due to the regulation of SOD
activity and levels of T and DHT. Hence, AST may be a candidate as a novel therapeutic
agent to inhibit BPH.
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Abstract: Fucoxanthin, a special xanthophyll derived from marine algae, has increasingly attracted
attention due to its diverse biological functions. However, reports on its ocular benefits are still limited.
In this work, the ameliorative effect of fucoxanthin on visible light and lipid peroxidation-induced
phagocytosis disruption in retinal pigment epithelium (RPE) cells was investigated in vitro. Marked
oxidative stress, inflammation, and phagocytosis disruption were evident in differentiated RPE cells
following their exposure to visible light under a docosahexaenoic acid (DHA)-rich environment.
Following pretreatment with fucoxanthin, however, the activated nuclear factor erythroid-derived-2-
like 2 (Nrf2) signaling pathway was observed and, furthermore, when the fucoxanthin -pretreated RPE
cells were irradiated with visible light, intracellular reactive oxygen species (ROS), malondialdehyde
(MDA) levels and inflammation were obviously suppressed, while phagocytosis was significantly
improved. However, following the addition of Nrf2 inhibitor ML385, the fucoxanthin exhibited no
ameliorative effects on the oxidative stress, inflammation, and phagocytosis disruption in the RPE
cells, thus indicating that the ameliorative effect of fucoxanthin on the phagocytosis of RPE cells is
closely related to the Nrf2 signaling pathway. In conclusion, these results suggest that fucoxanthin
supplementation might be beneficial to the prevention of visible light-induced retinal injury.

Keywords: fucoxanthin; RPE cells; phagocytosis; Nrf2; visible light; docosahexaenoic acid

1. Introduction

The proliferation of electronic devices (such as computers, widescreen phones, and
televisions) and diverse lighting products has led to a dramatic increase in the incidences
of light-induced photochemical eye damage and has become a major cause of visual health
problems in modern society [1,2]. As the site of visual imaging and visible light focusing,
retinal tissue is a vulnerable target for photochemical damage [3]. Not only does the
retina metabolize and function under hyperoxic conditions, but the outer segments of its
photoreceptors are also rich in photosensitizer molecules and polyunsaturated fatty acids
(PUFAs) [4,5]. When the eyes are exposed to natural or artificial light sources for long
periods of time, retinas become vulnerable to oxidative stress, thus greatly increasing the
risk of retinopathy [6–8]. It is believed that excessive illumination can result in photore-
ceptor apoptosis, disturbance in the blood-retinal barrier, and inflammatory infiltration in
the retina [9,10]. It has also been suggested that light-induced retinal injury can initiate
age-related macular degeneration (AMD), which is a major cause of vision deterioration
and blindness in the elderly [4,11]. Consequently, the prevention of retinal photo-oxidative
damage through dietary nutritional supplementation has become a significant research
focus for food scientists and nutritionists.
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As one of the main targets of retinal photo-oxidative damage, and due to their impor-
tant role in maintaining the physiological function of the retina, retinal pigment epithelium
(RPE) cells and the potential to improve vision by maintaining their health through di-
etary supplementation have garnered increasing scientific attention. There is considerable
evidence to confirm that RPE cells act as part of the outer blood-retinal barrier (BRB),
controlling the exchange of nutrients and waste products between choroidal vessels and
photoreceptor cells, and thus supporting the survival and normal functioning of photore-
ceptor cells [12]. In fact, the recycling of the photoreceptor outer segments (POSs) damaged
by oxidation is completed via the phagocytosis of RPE cells [13]. Lipid peroxidation of
PUFAs in the POSs can subject RPE cells to intense oxidative stress [4] and, therefore, the
inhibition of photo-oxidative damage in RPE cells through dietary antioxidants is increas-
ingly emphasized in research. In one study, berry-derived anthocyanins were reported
to efficiently scavenge intracellular reactive oxide species (ROS) and down-regulate the
expression of vascular endothelial growth factor (VEGF) in RPE cells under visible light
exposure [14]. In another, epigallocatechin-3-gallate, a polyphenolic compound found in
green tea, displayed a regulatory role in ultraviolet light irradiation-induced autophagy
in RPE cells [15], while quercetin-3-O-α-L-arabinopyranoside reportedly exhibited an
inhibitory effect on blue light-induced cell apoptosis and inflammation in RPE cells [16].
However, few studies have investigated dietary active ingredients to ameliorate visible light
and lipid peroxidation-induced phagocytic disorder in RPE cells. In addition, while the RPE
is a polarized monolayer of highly differentiated epithelial cells in vivo, current in vitro
RPE culture models are unable to preserve many of their specific properties or to reproduce
the functional features and gene expression patterns that RPE exhibits in vivo [17].

Nuclear factor erythroid-derived 2-like 2 (Nrf2), also known as nuclear factor erythroid
2-related factor 2, plays an important role as a main antioxidant pathway in a variety of
diseases [18]. Under oxidative or other stress conditions, Nrf2 in the cytoplasm is translo-
cated to the nucleus, thus regulating antioxidant response element (ARE)-mediated phase
II detoxification and the expression of antioxidant proteins/enzymes, including glutamate-
cysteine ligase (GCL), heme oxygenase-1 (HO-1), and NAD(P)H: quinone oxidoreductase
(NQO1) [19,20]. There is growing evidence that the inhibition of Nrf2 signaling pathway
activation further aggravates oxidative damage in cells [21]. It was recently reported that,
after pigmented rabbits were exposed to visible light, the oral administration of dietary
polyphenols could reduce light-induced retinal oxidative stress and further up-regulate the
expression level of HO-1 mRNA [22]. Therefore, the regulation of Nrf2, as an upstream
signaling molecule, would make it an attractive candidate gene as a regulatory target for
improving phagocytosis in RPE cells during photo-oxidative stress.

Fucoxanthin, a special xanthophyll derived from edible brown seaweeds and some
microalgae, has attracted attention due to its biological functions and unique structural
properties, including epoxide, allenic, and acetyl groups [23,24]. In our earlier studies,
fucoxanthin supplementation was found to provide comparatively superior performance
to lutein in protecting the retina against visible light-induced damage, both in vitro and
in vivo [23]. However, the mechanisms by which fucoxanthin ameliorates visible light-
induced retinal damage have not yet been demonstrated. Accordingly, the aim of this study
is to investigate the preventive effect of fucoxanthin on visible light-induced phagocytic
dysfunction of RPE cells and the underlying mechanisms. In order to better mimic the
tissue properties of pigment epithelium, differentiated RPE cell monolayers were employed
in the construction of in vitro evaluation models. Additionally, as the most abundant
polyunsaturated fatty acid (PUFA) in the POSs, docosahexaenoic acid (DHA) was used
to create the lipid-rich environment to which the RPE cells are exposed in vivo. Under
this in vitro model, the effects of the intensity and duration of visible light exposure on
oxidative damage and phagocytic function of RPE cells were observed. Subsequently, the
mechanism by which fucoxanthin improves the phagocytosis of RPE cells through the Nrf2
signaling pathway was elucidated. This study, thus, provides a theoretical basis for the use
of marine fucoxanthin to prevent visual impairment caused by prolonged light exposure.
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2. Results

2.1. Cytotoxicity of Fucoxanthin to RPE Cells in a Lipid-Rich Environment

The cytotoxicity of fucoxanthin and lutein to RPE cells in a high-lipid environment was
evaluated, with the results shown in Figure 1. When the medium contained 25.0 μmol/L
of DHA, a slight proliferative effect was observed on the RPE cells after 24 h incubation,
with no statistically significant difference between the fucoxanthin and lutein. It was
therefore clear that under the condition of 25.0 μmol/L DHA, no obvious (p < 0.05) neither
fucoxanthin nor lutein exerted a significant inhibitory effect on RPE cells’ proliferation
when their dosages ≤50.0 μg/mL. Compared with the control group, there was also no
significant difference (p < 0.05) in the lactic dehydrogenase (LDH) expression in all treatment
groups. The LDH analysis further confirmed that 25.0 μmol/L DHA plus ≤50.0 μg/mL
fucoxanthin or lutein exerted no cytotoxicity on the RPE cells.

  μ
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Figure 1. Cytotoxicity of fucoxanthin and lutein on RPE cells under a lipid-rich environment: (a) cell
viability; (b) lactic dehydrogenase (LDH) levels. The DHA concentration was 25.0 μmol/L.

2.2. Effects of Visible Light Exposure on Oxidative Damage in Differentiated RPE Cells

The effects of different light exposure conditions on the oxidative damage to and
phagocytic function of RPE cells were investigated, the results of which are presented
in Figure 2. When the differentiated RPE cells were irradiated with 1500 lux visible
light for 6–24 h, no obvious (p < 0.05) oxidative damage, inflammation, or phagocytic
dysfunction were observed. However, when the light intensity was increased to 3500 or
5000 lux, visible light-induced injury was induced with prolonged light exposure. After
24 h light exposure under 3500 lux, the intracellular ROS and malondialdehyde (MDA)
level had increased by approximately 1.46 and 1.05 times, respectively, while superoxide
dismutase (SOD) activity had decreased by 29.85%. Compared with the control group, the
inflammatory cytokines interleukin (IL)-6 (354.13 ± 25.44 pg/mL of control) and tumor
necrosis factor-α (TNF-α) (114.13 ± 5.39 pg/mL of control) in the media were found to
have increased to 632.36 ± 22.39 pg/mL and 432.36 ± 21.35 pg/mL, respectively, and a
37.64% loss was simultaneously observed in the phagocytic index. It is clear that under the
more intense light exposure conditions and consequently more extensive oxidative damage,
the phagocytic function of the RPE cells was further degraded. For example, when the RPE
cells were exposed to light irradiation at 5000 lux for 24 h, their phagocytic index remained
only 45.34 ± 5.68%. Considering the degree of oxidative damage and degradation of the
phagocytic function of RPE cells, light exposure at 3500 lux for 24 h was employed in the
subsequent experiments.
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Figure 2. The effects of visible light exposure on oxidative damage, inflammation and phagocytosis
in differentiated RPE cells: (a) intracellular ROS levels; (b) intracellular MDA levels; (c) SOD activity;
(d) inflammatory factor IL-6; (e) inflammatory factor TNF-α; (f) phagocytic index. (* p < 0.05 and
** p < 0.01 vs. control; ΔΔ p < 0.01 means 1500 vs. 3500 lux; �� p < 0.01 means 3500 vs. 5000 lux).

2.3. Fucoxanthin Pretreatment Activated the Nrf2 Signal Pathway in RPE Cells

In this study, the results showed that adequate pretreatment time with fucoxanthin
was beneficial in activating the antioxidant system of the RPE cells. As shown in Figure 3,
after RPE cells were pretreated by fucoxanthin for 6–24 h, the expressions of nuclear Nrf2
(Nucl-Nrf2) protein and its regulated downstream antioxidant proteins or detoxification
enzymes were investigated. When the RPE cells were co-incubated with 20.0 μmol/L
fucoxanthin for 6 and 12 h (Figure 3a), it was found that, compared with the control
group, Nucl-Nrf2 activity was increased by approximately 1.28 and 1.48 times, respectively.
However, there was no further significant (p < 0.05) increase in Nucl-Nrf2 expression when
the fucoxanthin pretreatment time was extended to 24 h. Interestingly, lutein, which is also
a xanthophyll, performed worse (p < 0.01) than fucoxanthin in activating Nucl-Nrf2. After
12 h pretreatment, the Nucl-Nrf2 level in the lutein group had only increased 1.21 times.
As shown in Figure 3b–e, similar phenomena were observed in the antioxidant proteins,
including glutamate-cysteine ligase catalytic subunit (GCLC), glutathione peroxidase (GPx),
thioredoxin reductase (TrxR), and HO-1, as well as the detoxification enzyme NQO1. The
above results, thus, indicate that 12 h fucoxanthin pretreatment was sufficient to effectively
activate the Nrf2 signaling pathway in the differentiated RPE cells.

2.4. Fucoxanthin Attenuated Visible Light-Induced Oxidative Stress and Phagocytosis Disorder in
RPE Cells

Following 12 h pretreatment with fucoxanthin, the differentiated RPE cells were sub-
jected to visible light exposure at 3500 lux for 24 h. As shown in Figure 4, when the
concentration of fucoxanthin was 5.0 μmol/L, both the intracellular ROS and MDA levels
began to be effectively (p < 0.01) inhibited, although no obvious (p < 0.05) ameliorative
effects on inflammation or phagocytosis were evident. However, when the fucoxanthin
concentrations were further increased to 10.0 or 20.0 μmol/L, the oxidative stress and
inflammatory response in the RPE cells were significantly (p < 0.01) ameliorated. Under
the condition of 20.0 μmol/L fucoxanthin, the intracellular ROS level decreased from
208.24 ± 8.56% (model group) to 118.56 ± 7.68%, and, compared with the model group,
the levels of MDA, IL-6 and TNF-α were reduced by 44.87, 39.16, and 63.89%, respec-
tively. Simultaneously, the phagocytic index of RPE cells recovered from 62.36 ± 4.15% to
89.56 ± 6.36%.
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2.5. Fucoxanthin Protected against Phagocytosis Disorder of RPE Cells via the
Nrf2-Mediated Pathway

In order to further elucidate the mechanism by which fucoxanthin provides protection
against visible light-induced phagocytosis disorder of RPE cells, the Nrf2-mediated signal-
ing pathway was investigated. As shown in Figure 5a, when the RPE cells were irradiated
with visible light, the expression levels of Nucl-Nrf2 and its regulated NQO1 and HO-1
were slightly increased compared with those of the control group. Interestingly, when
the RPE cells were administered with 20.0 μmol/L fucoxanthin (12 h pretreatment time
plus 24 h light exposure time), the levels of Nucl-Nrf2, NQO1, and HO-1 were increased
by approximately 1.64, 1.54, and 1.78, respectively, compared with those of the control
group. Correspondingly, the intracellular ROS level was close to that of the control, while
the TNF-α was reduced by 64.21%, and the phagocytic index recovered to approximately
86.04%. However, when the Nrf2 inhibitor ML385 was added at the same time as the
fucoxanthin pretreatment of the RPE cells, the levels of Nucl-Nrf2, NQO1, and HO-1 after
the light exposure were only 24.56, 26.21, and 21.16%, respectively, of those of the control
group. Moreover, under the same ML385 pretreatment condition, the fucoxanthin did not
exhibit ameliorative effects on the oxidative stress, inflammatory response, or phagocytosis
disruption in the RPE cells. As shown in Figure 5b–d, there were obvious (p < 0.05) differ-
ences between the fucoxanthin +ML385 group and the model group at the intracellular
ROS level, inflammatory factor TNF-α level, and the phagocytic index. Thus, it is clear
that ML385 can effectively block activation of the Nrf2 signaling pathway, resulting in the
inability of fucoxanthin to improve the phagocytosis of RPE cells.

μ  μ  μ  

μ  μ  μ  

Figure 3. The effect of pretreatment time on Nrf2 signaling pathway activated by fucoxanthin in
differentiated RPE cells. (a) Nucl-Nrf2 activity; (b) GCLC expression level; (c) GPx expression level;
(d) TrxR expression level; (e) HO-1 expression level; (f) NQO1 expression level. (** p < 0.01 vs. control;
�� p < 0.01 vs. lutein).
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Figure 4. Inhibitory effects of fucoxanthin on oxidative damage and phagocytosis disorder in
RPE cells induced by visible light: (a) intracellular ROS levels; (b) intracellular MDA levels;
(c) inflammatory factor IL-6; (d) inflammatory factor TNF-α; (e) phagocytic indexes. (** p < 0.01 vs.
control; ## p < 0.01 vs. light exposure).
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Figure 5. Ameliorative effects of fucoxanthin on phagocytosis disorder in RPE cells via the Nrf2
signal pathway: (a) the expressions of Nucl-Nrf2, NQO1, and HO-1 when RPE cells were treated
with fucoxanthin or fucoxanthin +ML385; (b) ROS production when RPE cells were treated with
fucoxanthin or fucoxanthin + ML385; (c) TNF-α levels when RPE cells were treated with fucoxanthin
or fucoxanthin +ML385; (d) phagocytic indexes when RPE cells were treated with fucoxanthin or
fucoxanthin +ML385. (* p < 0.05 and ** p < 0.01 vs. control; ## p < 0.01 vs. light exposure).

3. Discussion

This work used a polarized RPE cell culture model exhibiting similar morpholog-
ical and physiological characteristics to the intact RPE monolayer, including the apical
microvilli, well-defined tight junctions, membrane transport capability, and melanocytic
pigmentation [25]. In our previous studies, when unpolarized RPE cells were exposed
to 3500 lux visible light plus 25.0 μmol/L DHA for 12 h, the phagocytic index remained
at only approximately 50% [1]. However, a phagocytic index with 81.49 ± 4.36% was
observed when the differentiated RPE cell monolayer was exposed to the same visible
light and lipid environment, suggesting that the differentiated RPE cells exhibited greater
tolerance to visible light exposure. Therefore, it was hypothesized that, compared with the
conventional in vitro cell model, differentiated RPE cells would more effectively reflect the
true physiological conditions of retinal photodamage.

The RPE is considered a major target for retinal photodamage, which has long been
attributed to the intracellular accumulation of lipofuscin particles during the phagocytizing
of POSs [1,26]. Upon irradiation with visible light, N-retinylidene-N-retinylethanol-amine
(A2E), one of the bis-retinoids derived from lipofuscin, produces singlet oxygen and other
ROS, thus becoming a source of oxidative stress in RPE cells [27,28]. Due to their abundance
of PUFAs, lipid peroxidation of POSs occurs before being swallowed in the presence of
light exposure [29]. Given the close contact between RPE and POSs, this lipid peroxidation
appears to be an important cause of visible light-induced damage to RPE cells. The results
of this present study further confirmed that under the condition of visible light plus DHA
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exposure, obvious oxidative injury occurred in the RPE cells. Numerous studies have
indicated that excessive light exposure can not only lead to oxidative stress by triggering
ROS generation but also induce retinal cell dysfunction. When Wistar rats were illuminated
by white light-emitting diode light, disruption to the outer blood-retinal barrier, which
is constructed by RPE cells, was observed [30]. Furthermore, excessive light exposure
could result in increased vascular endothelial growth factor (VEGF) secretion in cultured
RPE cells, thus increasing the risk of neovascularization and edema [31]. In our previous
studies, cellular senescence was also discovered when RPE cells were subjected to visible
light exposure [1], while, in this work, it was further found that intense visible light
radiation could lead to the degradation of phagocytic functioning in differentiated RPE
cells. It is, thus, apparent that the protection of RPE cells against visible light-induced
oxidative damage and phagocytosis disorder within a PUFA-rich environment should be
an important pathway for vision-protecting dietary nutrients.

Antioxidant activity has been shown to be one of the important ways in which dietary
nutrients perform their vision-protective functions. For example, dietary flavonoids (such
as fisetin, luteolin, and quercetin) and vitamins C and E are capable of protecting RPE
cells against hydrogen peroxide (H2O2)- or t-butyl hydroperoxide (t-BOOH)-induced death
by scavenging intracellular ROS [32]. Curcumin pretreatment was shown to display a
protective effect on light-induced retinal degeneration in a rat model through antioxidant
pathways [33], while malvidin-3-galactoside/glucoside, the characteristic component of
blueberry anthocyanins, could reduce oxidative stress in RPE cells by decreasing the
levels of ROS and MDA [34]. It was also reported that madecassoside, a major bioactive
triterpenoid saponin, could attenuate H2O2-induced ROS and MDA production in RPE
cells [35]. As mentioned above, RPE cells are highly susceptible to cell damage induced by
lipid peroxidation in the body; however, as shown via the results in this work, fucoxanthin
can effectively inhibit oxidative stress and inflammation induced by visible light plus DHA
in RPE cells.

There is increasing evidence that the activation of endogenous cellular antioxidant
systems is an important way in which dietary functional ingredients exert their antioxidant
physiological activities. As a nuclear transcription factor, Nrf2 controls the expression and
coordinated induction of a battery of defensive genes encoding detoxifying enzymes and
antioxidant proteins, which are critically important mechanisms for cellular protection
and cell survival [36]. Resveratrol pretreatment reportedly significantly restored the SOD
activity and upregulated the protein and mRNA expressions of Nrf2 and HO-1 in rat
brain [37] and, as a carotenoid, lycopene pretreatment has also been reported to be effective
in enhancing the expressions of Nrf2 and HO-1 in rat brain, thereby exerting a neurocy-
toprotective function [38]. Furthermore, when RPE cells were pretreated with hesperetin
for between 1 and 6 h, the effect on Nucl-Nrf2 activation was discovered to be treatment
time-dependent [20]. Based on our present results, when RPE cells were pretreated with
fucoxanthin for 6–24 h, the expressions of Nucl-Nrf2 and its regulated downstream antioxi-
dant proteins (such as GCLC, GPx, TrxR, HO-1, and NQO1) increased progressively. In
addition, the addition of Nrf2 inhibitor ML385 during the whole experiment was found to
effectively inhibit the expressions of Nucl-Nrf2, NQO1, and HO-1, and no protective effect
from fucoxanthin on the RPE cells was observed. Thus, it was apparent that fucoxanthin
performed an ameliorative effect on the visible light-induced phagocytic disorder of the
RPE cells via the Nrf2 signaling pathway.

4. Materials and Methods

4.1. Materials and Chemical Reagents

The fucoxanthin and lutein standards were purchased from Dexter Biotechnology
Co., Ltd. (Chengdu, China). Dimethyl sulfoxide, Dulbecco’s modified Eagle’s/Ham’s F12
media, DHA, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), 2′,7′-
dichlorofluorescin diacetate (DCFH-DA), blue fluorescent amine-modified microspheres
(0.05 μm) and fetal bovine serum (FBS) were obtained from Sigma-Aldrich (MO, USA).
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Commercial test kits, including LDH (CAS: A020-2-2), MDA (CAS: A003-4-1), SOD (CAS:
A001-3-1), and HO-1 (CAS: H246-1), were purchased from Nanjing Jiancheng Bioengineer-
ing Institute (Nanjing, Jiangsu, China). Penicillin, streptomycin, and Hanks’ balanced salt
solution (HBSS) were obtained from Gibco Life Technologies (Grand Island, NY, USA). The
IL-6 (CAS: SEKM-0007) and TNF-α (CAS: SEKM-0034)kits were purchased from Beijing
Solarbio Science & Technology Co., Ltd. (Beijing, China). The nuclear extraction kit (CAS:
ab113474), Nrf2 transcription factor assay kit (CAS: ab207223), GCLC (CAS: ab233632),
NQO1 (CAS: ab184867) were purchased from Abcam Shanghai Trading Co., Ltd. (Shanghai,
China). The antioxidant protein test kits, including GPx (CAS: BC1195) and TrxR (CAS:
BC1155), were obtained from Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China). The Nrf2 inhibitor ML385 was provided by Sigma-Aldrich (MO). All other reagents
were analytical reagent-grade and purchased from the China National Pharmaceutical
Industry Corporation Ltd. (Shanghai, China).

4.2. Cell Culture

The human RPE cell line, ARPE-19 (ATCC CRL–2302), was provided by the Amer-
ican Type Culture Collection (Mantissa, VA, USA). The cell cultures were maintained in
Dulbecco’s modified Eagle’s/Ham’s F12 media (Invitrogen, Carlsbad, CA, USA), to which
10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 100 U/mL penicillin, and
100 mg/mL streptomycin were added at 37 ◦C under a humidified 5% CO2 atmosphere.

4.3. Cytotoxicity Evaluation

The MTT assay and LDH release assay were employed to measure cell viability and
cell membrane integrity, respectively, according to a previous study [23]. Briefly, RPE cells
were plated in 96-well plates at the concentration of 5 × 105 cells/mL for incubation 48 h.
The cells were then treated with serum-free F12 medium containing 25.0 μmol/L DHA and
different concentrations of fucoxanthin or lutein. After 24 h incubation, the cell supernatant
was collected for LDH analysis. Subsequently, 150 μL of serum-free F12 medium containing
0.50 mg/mL MTT was added into each plate well and incubated for 4 h. The medium
was then replaced with dimethyl sulfoxide (DMSO), and the absorbance was measured
at 570 nm. The LDH activity in the cell supernatant was determined using a commercial
LDH kit, according to the manufacturer’s instructions.

4.4. Construction of Differentiated RPE Cell Monolayer

The differentiated RPE cell monolayer was cultured as described in previous stud-
ies [39,40]. RPE cells at passage 4 were seeded onto transwell inserts with polyester
membranes (6.5 mm diameter, 0.4 μm pores) from Corning Inc. (Corning, NY, USA), at
a seeding density of 1 × 104 cells per well (about 30,000 cells/cm2). In the apical and
basolateral chambers, 200.0 and 600.0 μL of serum-free F12 media were added, respectively.
The cultures were supplied with 5% CO2 in a humidified incubator (37 ◦C). Transepithelial
electrical resistance (TER) was used to evaluate the differentiation degree of the RPE cell
monolayer (Figure 6). It was deemed to be usable for subsequent light damage experiments
when the differentiated RPE cell monolayer was cultured for 4 weeks, and the net TERs
were ≥25.0 Ohm·cm2 [39].

4.5. Visible Light-Induced RPE Cell Injury In Vitro

Visible light- and lipid-induced RPE cell damage was performed based on our previous
reports [41], with some modifications. Subsequent to the formation of the differentiated
RPE cell monolayer, serum-free F12 medium containing 25.0 μmol/L of DHA was added
into the apical chamber, whereafter the RPE cell monolayer was subjected to white light
irradiation. The light intensities were set as 1500, 3500, or 5000 lx, with light exposure of 6,
12, or 24 h, after which periods oxidative damages to the RPE cells were assessed.
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Figure 6. TER changes of the retinal pigment epithelium (RPE) cell monolayer during the
cultivating processes.

4.6. Fucoxanthin Pretreatment of RPE Cells

In order to effectively improve the resistance of RPE cells to oxidative stress, the effect
of fucoxanthin pretreatment time on the Nrf2-regulated antioxidant system was observed.
Fucoxanthin or lutein was dissolved with a small amount of DMSO and added to the
serum-free F12 medium at a final concentration of 20.0 μmol/L. Subsequently, the medium
(200.0 μL) was added into the apical basolateral chamber. After incubation for 6, 12, or 24 h,
the expressions of Nrf2 protein, as well as its regulated downstream antioxidant proteins,
were analyzed.

4.7. Protective Effect of Fucoxanthin against Visible Light-Induced Injury of RPE Cells

After 24 h pretreatment with fucoxanthin, the medium of the apical chamber was
replaced by a serum-free F12 medium containing 20.0 μmol/L fucoxanthin and 25.0 μmol/L
DHA. Thereafter, the cell monolayer was subjected to light irradiation for 24 h at the light
intensity of 3500 lx. The protective effects of FUCO on visible light-induced phagocytic
disorder and oxidative damage in the RPE cells were subsequently observed. In order to
verify whether fucoxanthin had enhanced the ability of RPE cells to resist photo-oxidative
stress through the Nrf2 pathway, the cells were pretreated with the Nrf2 inhibitor ML385
(10.0 μmol/L) for 24 h, and the inhibitor was also added during the light exposure [21].

4.8. Detection of ROS and MDA Content

The intracellular ROS and MDA levels were measured as described in previous
studies [23,42], with some modifications. The medium in the apical chamber was replaced
by new medium containing 25.0 μmol of DCFH-DA. After 1 h incubation at 37 ◦C, the
supernatant containing DCFH-DA was removed, and the cell monolayer was washed with
Hanks’ balanced salt solution (HBSS). The cell monolayer was then completely digested by
RIPA lysis buffer, whereafter the cell lysate was added into a transparent black 96-well plate
for fluorescence analysis. The fluorescence intensity was recorded using a microplate reader
(Molecular Devices, San Jose, CA, USA) at 485 nm excitation and 530 nm emission. The
MDA level in the cell lysate was measured according to the commercial kit’s instruction,
which was based on the thiobarbituric acid reactive substance (TBARS) assay.

4.9. Detection of Intracellular SOD, HO-1, GCLC, GPx, NQO1, and TrxR Activity

After the cell monolayer was washed with HBSS and fully lysed by RIPA lysis buffer,
the expressions of antioxidative enzymes, including SOD, HO-1, GCLC, GPx, NQO1, and
TrxR, in the cell lysate were determined, according to the manufacturer’s protocols.
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4.10. Detection of Inflammatory Cytokines

The inflammatory cytokines, including IL-6 and TNF-α, were measured using com-
mercial ELISA kits following the manufacturer’s instructions.

4.11. Measurement of Nucl-Nrf2

The expression of Nucl-Nrf2 in the RPE cell monolayer was measured as described in a
previous study, with some modifications [43]. Briefly, the differentiated RPE cell monolayer
was treated with trypsin buffer at 37 ◦C for 10.0 min, whereafter the cells were collected
and the nuclear proteins extracted using the nuclear extraction kit, according to the kit
manufacturer’s instructions. The protein concentration of each sample was normalized
to total protein content in the cell pellet using the Bradford assay. Next, 20.0 μg nuclear
protein was added into the 96-well plate based on the instructions of the Nrf2 transcription
factor assay kit. The optical density was recorded using a microplate reader (Molecular
Devices, San Jose, CA, USA) at 450 nm.

4.12. Investigation of Phagocytosis of RPE Cells

The phagocytosis of the RPE cells was determined according to our previous
studies [1,23], with some modifications. Following light irradiation, the supernatant in the
apical chamber was replaced by a serum-free medium containing fluorescent microspheres
(1 × 107/mL). After 24 h incubation, the uningested microspheres were washed away
with fresh serum-free medium, and, after being washed twice using HBSS, the cells were
lysed by RIPA lysis buffer. Thereafter, the cell lysates were transferred to a black, clear-
bottomed 96-well plate, and the fluorescence intensity was recorded using a microplate
reader (Molecular Devices, San Jose, CA, USA) at excitation/emission 360/420 nm. The
phagocytic index was expressed as fluorescence intensity and presented as a percentage
relative to the control.

4.13. Statistical Analyses

All data were expressed as mean ± SD of at least three individual experiments. Statis-
tical analyses were performed using SPSS Statistical 24 Software. Comparisons between
groups were performed using one-way analysis of variance (ANOVA) with Duncan’s range
tests. A normality test showed that all raw data displayed a normal distribution, while a
variance test indicated that all groups exhibited equal variance. p < 0.05 (two-sided) was
regarded as significant (*, p < 0.05; **, p < 0.01).

5. Conclusions

The results of this present study confirm that when differentiated RPE cells were ex-
posed to both visible light (3500 lux or 5000 lux) and a PUFA-rich environment (25.0 μmol/L
DHA) for 12–24 h, elevated oxidative stress and degenerative phagocytosis occur. However,
fucoxanthin pretreatment at 20.0 μg/mL was found to effectively suppress the oxidative
damage, inflammatory response, and phagocytosis disorder in RPE cells. Furthermore, the
enhanced expression of Nucl-Nrf2 and the restored activity of detoxification enzymes such
as HO-1 and NQO1 were simultaneously observed. Therefore, it is the conclusion of this
work that the ameliorative effect of fucoxanthin on the phagocytosis of RPE cells should be
closely related to the Nrf2 signaling pathway. However, recent studies have indicated that
ARPE19 cells are different from natural RPE cells in terms of phenotype, including tight
junction protein expression and pigment deposition. Therefore, in vivo animal experiments
should be considered in future studies.
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Abstract: Haematococcus pluvialis is a microalgae actively studied for the production of natural
astaxanthin, which is a powerful antioxidant for human application. However, it is economically
disadvantageous for commercialization owing to the low productivity of astaxanthin. This study
reports an effective screening strategy using the negative phototaxis of the H. pluvialis to attain the
mutants having high astaxanthin production. A polydimethylsiloxane (PDMS)-based microfluidic
device irradiated with a specific light was developed to efficiently figure out the phototactic response
of H. pluvialis. The partial photosynthesis deficient (PP) mutant (negative control) showed a 0.78-fold
decreased cellular response to blue light compared to the wild type, demonstrating the positive
relationship between the photosynthetic efficiency and the phototaxis. Based on this relationship, the
Haematococcus mutants showing photosensitivity to blue light were selected from the 10,000 random
mutant libraries. The M1 strain attained from the phototaxis-based screening showed 1.17-fold
improved growth rate and 1.26-fold increases in astaxanthin production (55.12 ± 4.12 mg g−1) in the
100 L photo-bioreactor compared to the wild type. This study provides an effective selection tool for
industrial application of the H. pluvialis with improved astaxanthin productivity.

Keywords: Haematococcus pluvialis; astaxanthin; photosynthetic efficiency; microfluidics; photobioreactor

1. Introduction

The ketocarotenoid astaxanthin (3,3′-dihydroxy-β-carotene-4,4′-dione) straddles the
cell membrane bilayer and acts as a super antioxidant that significantly reduces free radicals
and oxidative stress [1–3]. Astaxanthin has been widely applied as a promising functional
substance in the functional foods, pharmaceutical, cosmetics, and aquaculture industries
due to its potential to prevent Alzheimer’s disease, atherosclerotic, and cardiovascular
diseases [4–7]. The global astaxanthin market was estimated at USD 288.7 million in 2017
and forecasted to grow to USD 426.9 million in 2022 [8]. Astaxanthin can be produced
synthetically or obtained from natural sources [9]. However, synthetic astaxanthin is
not approved for human consumption directly by the Food and Drug Administration
(FDA) as a food or dietary supplement due to several issues, such as food safety, potential
toxicity in the final product, and sustainability [10]. Compared with synthetic astaxanthin,
natural astaxanthin has various advantages such as high safety and antioxidant activity,
environmental friendliness, sustainability, and renewability [11]. For these reasons, the
demand for natural astaxanthin has increased.
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Traditionally, natural astaxanthin has been produced from a variety of seafood, in-
cluding shrimp, lobster, fish eggs, and microalgae [12–14]. Microalgae has advantages in
astaxanthin production compared to other seafood in terms of productivity, production
area, safety control, and stability [15]. Among the various microalgae, Haematococcus plu-
vialis is considered to be the most abundant source of natural astaxanthin (3–5% of dry
biomass) [16]. In addition, natural astaxanthin obtained from H. pluvialis was confirmed
as a food ingredient for humans by the European Commission (EC) and the European
Food Safety Authority (EFSA) [17]. However, there are limitations to the utilization of
natural astaxanthin on an industrial scale. Various studies have been actively conducted to
improve astaxanthin productivity from H. pluvialis [16,18,19]. Astaxanthin productivity can
be improved by maximizing the cell density in the green phase and by process optimization
such as culture parameters and the design of photobioreactors in the red phase during
H. pluvialis culture [16,18,19].

In order to improve astaxanthin productivity from H. pluvialis, various approaches
have been used such as development of strains, optimization of culture conditions, proto-
plast fusion with other microalgae, and addition of nanoparticles [20–23]. Among these
approaches, the development and selection of strains is the most important strategy in
industrial production [24]. Random mutagenesis by ultraviolet (UV) irradiation is a com-
mon and cost-effective technique for strain development [25]. Various studies have been
conducted to develop genetically modified mutants with high growth rate and astaxanthin
productivity through random mutagenesis [26–28]. However, one of the disadvantages
of random mutagenesis is that it is difficult to select strains with improved specific effi-
cacy among numerous variants, and the selection process requires a lot of time and labor.
Microfluidic-based technologies with specific light can rapidly screen strains at the single-
cell level, taking into account the size, shape, and characteristics of microalgae [29]. In
a previous study [30], strains with improved photosynthetic productivity were selected
using a microfluidic device fabricated by applying the phototaxis technique.

In this study, the H. pluvialis strain was developed with improved astaxanthin produc-
tivity by using the phototaxis technology and scaling it up using the photo-bioreactor for
industrial application (Figure 1). At the micro scale, the phototactic response of H. pluvialis
and the correlation between photosynthesis and phototaxis were investigated to select mu-
tated H. pluvialis with high astaxanthin productivity. Mutants with high negative phototaxis
selected by the microfluidic device were scaled up to a 100 L flat panel photo-bioreactor,
and astaxanthin production was determined. This multi scale approach can be easily
applied to various microalgae and provides an efficient selection method to develop the
microalgal mutants with improved productivity of diverse metabolites such as the astax-
anthin. Currently, most studies using the phototaxis properties of microalgae are related
to photosynthetic efficiency. To the best of the authors’ knowledge, this is the first study
utilizing phototaxis properties to screen H. pluvialis for improved astaxanthin productivity.

 

Figure 1. Schematic diagram of a phototaxis-based screening technique for the isolation of photosen-
sitive strains using microfluidic devices. The screening was performed on a mixture of 10,000 mutants
generated from the wild-type strain by UV random mutagenesis.
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2. Results and Discussion

2.1. Investigation of Phototactic Properties of H. pluvialis

Phototaxis is a reaction in which the direction of movement changes depending on
the intensity of light [31]. Positive phototaxis indicates the characteristic of cells moving
toward the light source at low-light intensity, whereas negative phototaxis indicates that
the cell moves away from the light source at high-light intensity [32]. It is reported that the
control of negative phototaxis is easier and more consistent than the positive phototaxis
of cells [33]. To investigate the optical properties of the H. pluvialis, the cells, which
were photo-autotrophically pre-cultured for 10 days, were diluted to a concentration of
10,000 cells mL−1, and then 50 μL aliquot (about 3000 cells) of the dilute solution was put
into the inlet of the microfluidic device (Figure 2). Then, various light emitting diode (LED)
lights (dark, blue, green, red, and white) were irradiated to the inlet part of the microfluidic
device for 30 min to observe the negative phototaxis of the cells.

 
Figure 2. Microfluidic device design for detection of phototaxis of the H. pluvialis. Cells grown
exponentially were loaded into an inlet chamber in the microfluidic device and exposed to blue LED
(70 μmol photons m−2 s−1). The phototactic movements of cells were monitored under an inverted
microscope and analyzed using video analyzing software.

Figure 3A represents the negative phototaxis of the H. pluvialis to five different light
wavelengths and H. pluvialis shows the most sensitive response to the blue light wavelength
(470 nm). About 69.33% of the cells injected moved to the opposite chamber (observation
part) for 30 min by the blue light. In the green light (540 nm), the phototactic response was
reduced by 25% compared to the result in the blue light. In the red light (700 nm), there was
no reaction to the light during 30 min as in the dark condition (control). These results show
a trend similar to that of the model microalgae, Chlamydomonas reinhardtii, which has been
reported to exhibit phototaxis by detecting the direction, intensity, and wavelength of light
because it has an eyespot in the thylakoid membrane [30,34]. Tamaki et al. [35] reported that
carotenoids, such as astaxanthin, fucoxanthin, and diadinoxanthin are major constituents of
eyespot and are essential for the phototactic response. In addition, it has been reported that
blue light significantly improves astaxanthin productivity of H. pluvialis [36]. Therefore,
it can be inferred that H. pluvialis, which has sensitive phototaxis properties, contains a
large amount of astaxanthin. Figure 3B is a result showing the light responses to different
light intensities, and shows that the negative phototaxis of the H. pluvialis increased up
to the 70 μmol photons m−2 s−1. However, there was little change at the intensity above
70 μmol photons m−2 s−1. Therefore, 70 μmol photons m−2 s−1 was set as the standard for
measuring the phototactic behavior in this study.
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Figure 3. Light conditions for detecting phototaxis of H. pluvialis: (A) The phototactic responses
of the wild type at five different light wavelength conditions; dark (control), blue (470 nm), green
(540 nm), red (700 nm), white (all). Photo image showing the observation part of the microfluidic
device after 30 min. (B) The phototactic responses of wild type at different light intensities; 10, 30, 50,
70, 90, 110 μmol photons m−2 s−1.

2.2. Correlation between Photosynthesis and Phototaxis

To confirm the correlation between photosynthesis and phototaxis of the H. pluvialis,
the partial photosynthesis deficient (PP) mutant was used as a negative control to compare
with wild-type strain. The chlorophyll contents and the photosystem II (PSII) operating
efficiency (Y(II)), indicating the photosynthetic efficiency of PP mutant, showed 6.7% and
64% less than that of wild type, respectively (Figure 4A,B). Hong et al. [26], reported that the
total cell numbers of PP mutant in the green stage decreased by 32.2% compared to the wild-
type strain because of partial photosynthesis deficient. These results are consistent with
Wan et al. [37], who determined that H. pluvialis is suitable for mass culture on an industrial
scale because it is easy to acquire large quantities of cells due to its high photosynthetic
efficiency. Figure 4C,D represent the phototactic activities of the wild type and PP mutant
to the blue light for 30 min. In the wild-type strain, 78.8% of the cells injected into the inlet
of the microfluidic device reached the observation chamber 30 mm away from the inlet. The
PP mutant showed 61.5% of the cells responded to the blue light, and it is 0.78-fold decrease
compared to the wild-type strain. In addition, the cells that reached the opposite chamber
took 12.4 min on average for the wild-type strain, but 19.1 min for the PP mutant. This
means that the wild-type strain is highly reactivity to blue light, thereby increasing the cell
migration rate. Figure 4D indicates the accumulative histogram of arriving cell numbers
for 30 min. The average time required to reach 80% of the cells responding to the blue
light was 13.3 min for the wild-type strain and more than 20 min for the PP mutant. These
results indicate that the high Y(II) in the H. pluvialis is correlated with sensitive reactivity to
the blue light. This positive correlation between phototaxis and photosynthetic efficiency
was also proved in model microalgae, C. reinhardtii [30].
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Figure 4. Optical characteristics of the wild type (grey) and PP mutant (red): (A) Chlorophyll content,
and (B) Y(II) of the wild type and PP mutant. (C) The phototactic response, and (D) Cumulative
histogram of phototactic response of the wild type and PP mutant for 30 min. The phototactic
response was measured on 3000 cells per analysis. All data are the mean of three biological replicates.

2.3. Strain Selection Using the Microfluidic Device and Flask Cultivation

The microfluidic device was fabricated using polydimethylsiloxane (PDMS) to isolate
mutated H. pluvialis with high photosynthetic efficiency and astaxanthin productivity
based on the relationship between phototaxis and the photosynthetic efficiency. PDMS
is useful for cell analysis using a microfluidic system because it is possible to efficiently
monitor the cell movements and change in cell physiology at the single cell level due to
its transparent property [38,39]. Ten thousand mutant libraries of the H. pluvialis were
constructed by random mutagenesis using ultraviolet rays (Figure 1). After collecting
cultures of all mutants, the screening process was repeated up to five times to increase the
strains exhibiting a rapid phototactic response from a mixture of 10,000 mutants. After
five screening cycles, a mixture of mutants showing a rapid reactivity to the blue light was
obtained. The mixture was plated on an agar plate for isolating each strain as separated
colonies. Next, 10 strains were selected from agar plates and cultured, and photoautotrophic
growth was analyzed. The M1 showing the highest growth and astaxanthin production
among 10 mutant strains were selected for further evaluation of their performances.

The wild-type strain and M1 mutant were inoculated into the flask for two stage
cultivation (growth stage and induction stage) for 20 days (Figure 5A). In the growth
stage, the M1 mutant showed faster and higher growth compared to the wild-type strain
(Figure 5B). The maximum specific growth rate (μmax) was calculated from the growth
curve. The μmax of M1 mutant was 0.702 h−1, which was 1.17-fold higher than μmax of the
wild-type strain (0.598 h−1). The Y(II) of the M1 mutant during the growth stage showed
0.63 ± 0.012, which was 13% higher than that of the wild type, suggesting that rapid pho-
totactic response to the blue light can be helpful to improve Y(II) [30]. After 10 days of
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growth, the NIES-C medium was replaced with the nitrogen-deficient NIES-N medium
because nitrogen deficiency enhances astaxanthin productivity of H. pluvialis [40]. Addi-
tionally, light intensity increased up to 200 μmol photon m−2 s−1 to induce the astaxanthin
biosynthesis by oxidative stresses [41]. Under high light intensity, reactive oxygen species
(ROS) are accumulated in microalgae by the over-reduction of the photosynthetic electron
transport chain [42]. Microalgae produce carotenoids including astaxanthin as a defense
mechanism against oxidative stress such as ROS [43]. Figure 5C shows the change in the
ratio of carotenoid and chlorophyll according to the synthesis of the astaxanthin in the
induction stage. It shows that the conversion to carotenoid occurs more efficiently in the M1
mutant than in the wild-type strain according to the environmental change. This is because
the astaxanthin synthesis was rapidly conducted as a defense mechanism against oxidative
stress caused by high light intensity. The productivity of astaxanthin of the M1 mutant
showed 171.6 ± 4.16 mg L−1, which was 1.26-fold higher than that of the wild-type strain.

 

Figure 5. Flask cultivation of the wild type and M1 mutant screened by phototaxis: (A) Photo image
of the wild type and M1 mutant under growth (up) and induction stage (down). (B) Absorbance in
growth stage, and (C) Carotenoid/Chlorophyll ratio of in induction stage. The cells were grown in
NIES-C medium and CO2 concentration and light intensity were fixed at 5% and 40 μmol photons
m−2 s−1, respectively. Error bars indicate the standard deviations of the means for three experiments.

2.4. Validation of the M1 Mutant Performance in Large Scale Cultivation

In order to confirm the improved astaxanthin productivity of the M1 mutant, the flat
panel photo-bioreactor of 100 L scale was manufactured using acrylic. The M1 mutant
and wild-type strain pre-cultured in a 1 L flask for 10 days were inoculated and grown
for 30 days (Figure 6A). In the growth phase, the M1 mutant showed a faster growth rate
and 1.1-fold higher biomass production than the wild-type strain, which was similar to
the results of the flask experiment (data not shown). This is because the M1 mutant has a
higher photosynthetic efficiency than the wild type for the same light intensity condition
(40 μmol photons m−2 s−1). After the vegetative growth phase, cells were exposed to a
continuous strong light at 200 μmol photons m−2 s−1 along with N-deprivation for the next
40 days in the red stage. The astaxanthin contents formed in the M1 mutant cells through
an induction period of 40 days was 55.12 ± 4.12 mg g−1, which was 1.26-fold higher than
that of the wild-type strain (43.62 ± 3.98 mg g−1) (Figure 6B). These results show that the
M1 mutant has a 32% higher light reactivity and 18.5% faster light response rate than the
wild-type strain, so it could rapidly sense the light faster than the wild-type strain against
strong light irradiation during the induction period. Therefore, it is inferred that the M1
mutant promoted the synthesis of the astaxanthin to prevent oxidation of cells faster than
the wild-type strain.
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Figure 6. Large scale cultivation of the wild type and the M1 mutant: (A) Photo image of the 100 L flat
panel photo-bioreactor. (B) Astaxanthin content of the wild type and M1 mutant. Cells suspensions
were aerated at a flow rate of 0.1 vvm with 5% CO2-enriched air. Error bars indicate the standard
deviations of the means for three experiments.

Various mutagenesis and isolation strategies to enhance astaxanthin productivity from
H. pluvialis are summarized in Table 1.

Table 1. Summary of strain development strategies for improved astaxanthin productivity from
H. pluvialis.

Strain
Mutagenesis

Strategy
Isolation
Strategy

Astaxanthin Production Growth Rate
Improvement Ref

Unit Improvement

DPA12–1 UV, EMS 1 DPA 2 47.2 mg g−1 1.7-fold 1.4-fold [20]
EU3 UV, EMS Nicotine 25.0 mg g−1 1.3-fold Similar [44]

H2–419–4 UV, EMS 37 pg cell−1 1.3-fold 1.7-fold [45]
M13 UV Azide 174.7 mg L−1 1.6-fold Similar [46]

Not specified γ–ray 70.8 mg g−1 2.4-fold 1.2-fold [47]
M3 DBD 3 plasma DPA 33.5 mg g−1 1.5-fold 1.6-fold [48]
B24 EMS DPA 26.4 mg g−1 1.3-fold 1.6-fold [49]
M1 UV Phototaxis 55.1 mg g−1 1.3-fold 1.2-fold This study

1 EMS: ethyl methane sulfonate; 2 DPA: diphenylamine; 3 DBD: dielectric barrier discharge.

As a mutagenesis strategy, mainly UV irradiation and ethyl methane sulfonate (EMS)
treatment were performed, and approaches such as γ–ray irradiation and dielectric barrier
discharge (DBD) plasma irradiation were also carried out. As a strategy to isolate mutant
strains, most studies have screened resistant strains using chemicals such as diphenylamine
(DPA), nicotine, and azide as inhibitors. Wang et al. [20] developed strain H. pluvialis
DPA12–1 with an astaxanthin content of 47.2 mg g−1, 1.7-fold higher than that of the wild
type, through UV irradiation and ethyl methane sulfonate (EMS) treatment. Chen et al. [44]
reported that the astaxanthin content of H. pluvialis EU3, mutated by UV irradiation and
EMS treatment and isolated by nicotine, improved to 25.0 mg g−1, 1.3-fold higher than
that of wild type. H. pluvialis H2–419–4 [47] mutated by UV irradiation and EMS treatment
showed that astaxanthin production and growth rate were improved by 1.3-fold and
1.7-fold, respectively, compared to the wild type. Hong et al. [46] developed H. pluvialis M13,
which showed 1.6-fold higher astaxanthin production than wild type by isolation using
azide after UV irradiation. Cheng et al. [47] induced CO2 stress in H. pluvialis mutated by
γ–ray irradiation and astaxanthin production reached 70.8 mg g−1, a 2.4-fold improvement
compared to wild type. H. pluvialis M3 [48] was mutated by DBD plasma irradiation and
isolated using DPA. Astaxanthin production of M3 mutant was 33.5 mg g−1, which was
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1.5-fold higher than that of wild type. Astaxanthin production of H. pluvialis B24 [49]
isolated using DPA after mutation by EMS was found to be 26.4 mg g−1. The growth rate
of the mutant was slightly higher or comparable to that of the wild type. H. pluvialis M1
developed in this study showed that astaxanthin production (55.12 ± 4.12 mg g−1) and
growth rate were improved about 1.3-fold and 1.2-fold, respectively, compared to wild
type. These results prove that the M1 mutant, selected using the microfluidic device, has
similar or higher astaxanthin content than other mutants by UV irradiation. Although many
studies have successfully developed H with improved astaxanthin productivity, chemicals
that can cause environmental pollution, such as EMS, DPA, and nicotine, were used in the
isolation process. Our strain selection strategy has the advantage of being able to efficiently
screen strains with improved astaxanthin productivity in an eco-friendly approach.

3. Materials and Methods

3.1. Algal Strains and Culture Conditions

Haematococcus pluvialis NIES-144 (wild type) was obtained from the National Institute
for Environmental Studies (Tsikuba, Japan). The PP mutant strain developed by chemical
mutagenesis was used for determining whether differences in the photosynthetic efficiency
affect the phototaxis [26]. The H. pluvialis was cultured by two-stage culture strategy; the
‘green’ stage for vegetative growth and the ‘red’ stage for the astaxanthin production. The
cells were photo-autotrophically cultured in NIES-C medium (pH 7.5) with the vegetative
growth at the low light intensity (40 μmol photons m−2 s−1 with a continuous light) for
10 days. After that, the astaxanthin accumulation was induced by the nutrient starvation
with NIES-N medium (nitrogen deficient NIES-C medium, pH 7.5) at the strong light
intensity (200 μmol photons m−2 s−1 with a continuous light) for 20 days in the red
stage [50]. The light was provided by cool white LED lamps and the light intensities were
measured by a LI-250 quantum photometer (Lambda Instrument, Blacksburg, VA, USA).
The vegetative cells, with an initial cell density of 0.1 (OD680), were inoculated into 100 mL
Erlenmeyer flasks for the lab scale cultivation and 100 L flat panel photo-bioreactor, which
was made of acrylic, for the large scale cultivation, respectively. All cell suspensions were
aerated at a flow rate of 0.1 vvm with 5% CO2-enriched air at 23 ◦C.

3.2. UV Irradiation Procedure for Mutagenesis

The wild-type cells (NIES-144) in the exponential phase experiencing the dark period
were used for UV mutagenesis to improve transformation efficiency as described previ-
ously [51]. The cells diluted to 10,000 cells mL−1 were spread on an NIES-C agar plate, and
were irradiated using 254 nm UVLS-225D Mineralight UV Display lamp (UVP, Upland,
CA, USA), with the intensity of 0.02 mW cm−2. UV intensities were measured by GT-510
UV meter (Giltron, Norwood, MA, USA). The survival rates of UV-treated cells depending
on the UV energy were calculated by counting the colonies on solid agar plates under
the different exposure times: 0 min (0 mJ cm−2; control), 16 min (20 mJ cm−2), 32 min
(40 mJ cm−2), 48 min (60 mJ cm−2), and 60 min (80 mJ cm−2). The mutant libraries were
made under optimal conditions of 40 mJ cm−2 of UV energy (32 min of UV exposure time),
representing about 2.6% of survival rates, and were kept for the regeneration during 24 h
in the dark condition.

3.3. Fabrication of Microfluidic Device

A PDMS-based microfluidic device was fabricated using standard soft photolithogra-
phy [52]. The design of the microstructure was generated using AutoCAD software and
printed on transparent photomask film. A silicon mold master was fabricated by using
SU-8 negative photoresist (SU-8 50, Microchem, Newton, MA, USA) on silicon wafers. The
PDMS pre-polymer (10:1 mixture of 184 Sylgard base and curing agent, Dow Corning) was
poured on the SU-8 mold and cured thermally at 80 ◦C. The PDMS layer containing the
microchannel was bonded to a glass slide using oxygen plasma. The microfluidic device
was composed of an inlet chamber (4 mm in diameter), outlet chamber (4 mm in diameter),
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and microchannel (30 mm in length, 50 μm in height) including observation zone (channel
length 300 μm, width 100 μm, height 50 μm) near the outlet chamber. The width of the
microchannel gradually decreased from 4 mm (at the inlet) to 150 μm (at the observation
zone) to reduce hindrance of the phototactic movement by microchannel and facilitate the
monitoring of the phototactic response at the single-cell resolution level (Figure 2).

3.4. Analysis of Phototactic Response in Microfluidic Device

Cells were grown for 10 days photo-autotrophically under continuous light at a light
intensity of 40 μmol photons m−2 s−1. The culture was then diluted to a density of
40,000 cells mL−1 and dark-adapted for 30 min to make cells sensitive to light stimulus. A
50 μL aliquot of the diluted culture was loaded into the inlet chamber of the microfluidic
device, and an equal volume of NIES-C medium was loaded into the outlet chamber. Cells
were collected into the inlet chamber via exposure to blue LED light at the end of the
outlet chamber. After hydrostatic balance was established in the microchannel, a blue
LED (70 μmol photons m−2 s−1) was illuminated at the end of the inlet chamber to evoke
negative phototaxis. The phototactic movements of cells were monitored and recorded
under an inverted microscope (Olympus CKX41, Tokyo, Japan) equipped with a digital
video camera (Canon EOS 700D, Tokyo, Japan). Cells arriving at the observation zone near
the outlet chamber were counted, and their arrival times were automatically recorded for
30 min using custom software.

3.5. Phototaxis-Based Screening

Each colony on agar plates was transferred into 1 mL of NIES-C medium in each well of
a 24-well microplate and cultured under low light condition (40 μmol photons m−2 s−1) at
23 ◦C. All cultures of 10,000 transformants were then mixed, centrifuged, and resuspended
in 6 mL of NIES-C medium to a cell density of 6.0 × 108 cells mL−1. For screening of the
mixture of 10,000 transformants, a microfluidic device with enlarged chambers (8 mm in
diameter) and a microchannel (width from 8 mm to 0.4 mm, height 100 μm) was used.
A 2.75 mL aliquot of dark-adapted cell mixture was loaded into the inlet chamber and
exposed to blue LED light (70 μmol photons m−2 s−1) for 10 min to isolate cells showing
fast phototaxis. The cells arrived at the outlet chamber within 10 min and were collected by
pipetting and recovered in NIES-C medium for 2 h. The cells were then used for the next
cycle of phototaxis-assisted screening. After five cycles of screening, we obtained the cell
mixture, and a 100 μL aliquot of the culture was plated onto NIES-C agar for the isolation
of mutants as separated colonies. To compare the growth of mutant mixtures between each
cycle of phototaxis-based screening, cells were inoculated to a density of 10,000 cells mL−1

and grown photo-autotrophically.

3.6. Analytical Methods

Chlorophyll fluorescence was measured with an FMS2 fluorometer (Hansatech, Nor-
folk, UK). Cells grown to an exponential phase (30 μg of chlorophyll a) were loaded onto a
glass-fiber filter, and the filter was placed on the leaf clip. For determination of the PSII oper-
ating efficiency (Y(II)), cells (without dark-adaptation) were exposed to stepwise-increasing
actinic light (from 1 to 900 μmol photons m−2 s−1) for 20 s at each light intensity, and a
saturating flash (3000 μmol photons m−2 s−1, 0.7 s duration) was applied to measure Fm’.
Y(II) was calculated as (Fm’–Fs)/Fm’. The cellular chlorophyll and carotenoid contents
were determined spectrophotometrically as described [53,54].

The cell density was determined by measuring OD680 using UV-spectrophotometer
(Shimadzu, Kyoto, Japan) or dry cell weight (DCW) every 24 h. DCW was only deter-
mined for large-scale cultivation by filtering aliquots of samples using pre-weighed filter
paper. Then, the cell suspensions (10 mL) were filtered with GF/F glass microfiber filters
(Whatman, Cambridge, UK) and dried at 105 ◦C overnight. DCW was determined by the
difference between the mass of the biomass-containing filter paper and that of pre-weighed
filter paper.
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In order to identify the accurate amount of intracellular astaxanthin using a high per-
formance liquid chromatography (HPLC) system, algal cells were collected by centrifuging
the culture fluid at 3000 rpm for 10 min at 4 ◦C, and the astaxanthin in cell pellet was
extracted using a homogenizer (TissueLyser II, Qiagen, Hilden, Germany) in the presence
of methanol and glass beads [55]. Then, the homogenized lysates were saponified with
0.01 M KOH to convert the esterified astaxanthin into free forms.

After saponification, the astaxanthin concentration of each sample was determined by
HPLC system equipped with two LC-10AD pumps and SPD-10 UV-Vis detector
(Shimadzu, Kyoto, Japan). The extracts were separated using a 250 × 4.6 mm HS-303
hydrosphere C18 column (YMC, Kyoto, Japan). The mobile phase consisted of solvents A
(dichloromethane: methanol: acetonitrile: water, 5.0: 85.0: 5.5: 4.5, v/v) and solvent B
(dichloromethane: methanol: acetonitrile: water, 22.0: 28.0: 45.5: 4.5, v/v). For the effective
separation of astaxanthin, a linear gradient system was used: 0% B for 8 min, a linear
gradient from 0 to 100% B for 12 min, and 100% B for 50 min. The flow rate was set as
1.0 mL min−1 and the peaks were measured at 480 nm [50].

4. Conclusions

In this study, we screened mutant strains with photosensitivity using the negative
phototaxis of the H. pluvialis in microfluidic device. It was confirmed that the more sensitive
the mutant, the higher the astaxanthin productivity. In addition, large-scale cultivation in
100 L photo-bioreactor shows that the strains selected through phototaxis technology can be
used in a more scaled-up culture for commercialization. We are planning follow-up studies
to screen more cells faster and more efficiently. This screening strategy using the phototaxis
of microalgae is advantageous in securement of H. pluvialis with improved growth rate and
astaxanthin productivity.
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Abstract: Fucoxanthin is a marine carotenoid found in brown seaweeds and several microalgae.
It has been reported that fucoxanthin has health benefits such as anti-obesity and anti-diabetic
effects. To facilitate fucoxanthin applications in the food industry, it is important to improve its low
bioavailability. We attempted the combined feeding of fucoxanthin-containing seaweed oil (SO) and
monocaprin in a powder diet and analyzed the fucoxanthin metabolite contents in the liver, small
intestine and serum of diabetic/obese KK-Ay mice. After 4 weeks of feeding with the experimental
diets, the serum fucoxanthinol concentrations of the mice fed 0.2% SO and 0.5% monocaprin were
higher than those of the 0.2% SO-fed mice. Furthermore, fucoxanthinol accumulation in the liver
and small intestine tended to increase in a combination diet of 0.2% SO and 0.125–0.5% monocaprin
compared with a diet of 0.2% SO alone, although amarouciaxanthin A accumulation was not different
among the 0.2% SO-fed groups. These results suggest that a combination of monocaprin with
fucoxanthin-containing SO is an effective treatment for improving the bioavailability of fucoxanthin.

Keywords: fucoxanthin; monocaprin; bioavailability; fucoxanthinol

1. Introduction

Fucoxanthin is a marine carotenoid with unique structures such as an allene bond and
epoxide in the molecule. It is an accessory pigment for photosynthesis contained in brown
seaweeds and in several microalgae species. We have reported that dietary fucoxanthin
exhibits beneficial functions to health such as anti-obesity and anti-diabetic effects in
animal models [1,2]. Human studies have also shown a reduction in white adipose tissue
weight and HbA1c level related to blood glucose regulation by fucoxanthin [3,4]. Therefore,
there is interest towards fucoxanthin, for its utilization as a nutraceutical ingredient in the
food industry. However, the uptake of fucoxanthin into intestinal cells is low compared
with other carotenoids such as β-carotene and lutein [5]. Therefore, improving the low
bioavailability of fucoxanthin is an important challenge.

In previous studies, lysophosphatidylcholine and lysoglycerogalactolipid has been
reported to enhance carotenoid uptake into the intestinal Caco-2 cells [5,6]. These monoacyl-
lipids are suggested to enhance the bioaccesibility of carotenoids, including fucoxanthin,
by affecting the micellar state of digestive lipid components. In addition, fucoxanthin
absorption was improved using an emulsion-based delivery system [7] and protein-based
encapsulation [8]. Thus, improving the bioaccessibility and bioavailability of dietary
fucoxanthin is important for enhancing its functionality.

Monoacylglycerol (MG) is an amphipathic lipid, and it is used as a nonionic emulsifier
and as an additive in the food industry. The functional properties of MG depends on its
fatty acid chain length and its unsaturation. Monocaprin, which is an MG-binding capric
acid with a 10-carbon chain, is well known for its anti-bacterial activities [9]. A combination
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of monocaprin and doxycycline also showed effective anti-viral and wound-healing actions
against herpes labialis [10]. Moreover, medium-chain fatty acids, including capric acid, are
also reported to prevent the metabolic syndrome [11]. Thus, monocaprin is expected to be
a functional lipid that affects the micellar state of carotenoids. Therefore, we paid attention
to the ability of monocaprin to enhance the bioavailability of fucoxanthin. In addition, the
mixing of fucoxanthin and monocaprin into a powder diet is a very easy-to-use method
compared with delivery and encapsulation systems.

In this study, we investigated fucoxanthin bioavailability in diabetic/obese KK-Ay

mice via the combined feeding of fucoxanthin-containing seaweed oil (SO) and monocaprin.

2. Results and Discussion

Dietary fucoxanthin is hydrolyzed to fucoxanthinol in the gastrointestinal tract and
is converted to amarouciaxanthin A in the liver (Figure 1) [12]. We also reported that
fucoxanthin metabolites are transported and accumulate in several tissues, such as the liver,
white adipose tissue, and skeletal muscle (Figure 1) [13,14]. To enhance the bioavailability
of fucoxanthin, we attempted a combined feeding of monocaprin and fucoxanthin mixed
in a powder diet on diabetic/obese KK-Ay mice. In this study, we used SO containing 5%
fucoxanthin and prepared the experimental diets as shown in Table 1. The 0.2% SO diet
was prepared by replacing medium-chain triglyceride (MCT) in the control diet with SO (B,
D, E, and F groups in Table 1). The fucoxanthin concentration was adjusted to 0.01% in the
diet. Monocaprin was added into the diet at 0.125–0.5% by replacing soybean oil, as shown
in Table 1.

Figure 1. Fucoxanthin metabolites in the body.

After 4 weeks of feeding with the experimental diets and the control diet, there was
no significant difference in the body weights among all of the groups (data not shown). SO-
containing diets did not show an anti-obesity effect on KK-Ay mice because the fucoxanthin
content in the diet was 0.01%, which is low compared with that in previous studies [1,2].
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Table 1. Compositions of control and experimental diets used in the animal experiment. Fx: fucoxan-
thin; MCT: medium chain triglyceride; SO: seaweed oil.

Ingredient
(g/kg Diet)

A: Control B: SO 0.2%
C: Monocaprin

0.5%

D: SO 0.2%
+Monocaprin

0.125%

E: SO 0.2%
+Monocaprin

0.25%

F: SO 0.2%
+Monocaprin

0.5%

Soybean oil 98.000 98.000 93.000 96.750 95.500 93.000
Seaweed oil

(SO) - 2.000 - 2.000 2.000 2.000

(Fx in diet) - (0.100) - (0.100) (0.100) (0.100)
MCT 2.000 - 2.000 - - -

Monocaprin - - 5.000 1.250 2.500 5.000
Corn starch 374.120 374.120 374.120 374.120 374.120 374.120
Dextrinized
cornstarch 124.240 124.240 124.240 124.240 124.240 124.240

Casein 207.000 207.000 207.000 207.000 207.000 207.000
Sucrose 94.120 94.120 94.120 94.120 94.120 94.120

Cellulose 50.000 50.000 50.000 50.000 50.000 50.000
AIN-93 mineral

mixture 35.000 35.000 35.000 35.000 35.000 35.000

AIN-93 vitamin
mixture 10.000 10.000 10.000 10.000 10.000 10.000

L-Cystine 3.000 3.000 3.000 3.000 3.000 3.000
Choline

bitartrate 2.500 2.500 2.500 2.500 2.500 2.500

tert-Butyl
hydroquinone 0.014 0.014 0.014 0.014 0.014 0.014

Fucoxanthinol and amarouciaxanthin A, which are major metabolites of fucoxanthin,
were analyzed, respectively, in the serum, and in the small intestines and livers of KK-Ay

mice. Fucoxanthin was not detected in all of the mice, as in previous studies [13,14]. In the
mice fed a 0.2% SO diet, the fucoxanthinol concentration was 0.28 μg/mL (Figure 2a). The
addition of monocaprin in the 0.2% SO diet increased the serum fucoxanthinol concentration
in a dose-dependent manner. A combination of 0.2% SO and 0.5% monocaprin significantly
enhanced the fucoxanthinol concentration at 0.48 μg/mL, compared with the 0.2% SO diet
group (Figure 2a). On the other hand, the amarouciaxanthin A concentrations in the serum
were not different among the SO-fed groups (Figure 2b).

Figure 2. Carotenoid concentration in the serum of KK-Ay mice fed experimental diets for 4 weeks.
(A) Control, (B) SO 0.2%, (C) monocaprin 0.5%, (D) SO 0.2% + monocaprin 0.125%, (E) SO 0.2% +
monocaprin 0.25%, (F) SO 0.2%+monocaprin 0.5%. (a) FxOH concentration, (b) AmaA concentration.
SO: seaweed oil; FxOH: fucoxanthinol; AmaA: amarouciaxanthin A; N.D.: not detected. Bars with
different letters are significantly different; p < 0.05.
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Fucoxanthinol accumulation was observed at 8.43 μg/g in the small intestine of
the mice fed a 0.2% SO diet (Figure 3a). Monocaprin tended to increase fucoxanthinol
accumulation in the small intestine but not in a dose-dependent manner. In the liver,
fucoxanthinol accumulation also increased when using a combination diet of 0.2% SO
and 0.125% or 0.25% monocaprin (Figure 4a). However, in the combination diet of 0.5%
monocaprin and 0.2% SO, fucoxanthinol accumulation did not increase compared with
that of the 0.2% SO and the 0.25% monocaprin diet. A high dose of monocaprin (0.5%) may
activate the hepatic enzymes related to the degradation of fucoxanthin. This is required for
further investigation.

Figure 3. Carotenoid content in the small intestine of KK-Ay mice fed experimental diets for 4 weeks.
(A) Control, (B) SO 0.2%, (C) monocaprin 0.5%, (D) SO 0.2% + monocaprin 0.125%, (E) SO 0.2%
+ monocaprin 0.25%, (F) SO 0.2% + monocaprin 0.5%. (a) FxOH content, (b) AmaA content. SO:
seaweed oil; FxOH: fucoxanthinol; AmaA: amarouciaxanthin A; N.D.: not detected.

Figure 4. Carotenoid content in the liver of KK-Ay mice fed experimental diets for 4 weeks. (A) Con-
trol, (B) SO 0.2%, (C) monocaprin 0.5%, (D) SO 0.2%+monocaprin 0.125%, (E) SO 0.2%+monocaprin
0.25%, (F) SO 0.2%+monocaprin 0.5%. (a) FxOH content, (b) AmaA content. SO: seaweed oil; FxOH:
fucoxanthinol; AmaA: amarouciaxanthin A; N.D.: Not detected.

On the other hand, amarouciaxanthin A accumulation was lower than fucoxanthinol
accumulation in the small intestine and in the liver. Furthermore, amarouciaxanthin A
accumulation in the small intestine and the liver was not different among SO-fed groups
with/without monocaprin (Figures 3b and 4b).

Fucoxanthin-loaded particles composed of casein and chitosan, or of albumin and
oleic acid have been reported to improve fucoxanthin bioavailability 4 h or 24 h after oral
administration to mice [15,16]. Fucoxanthin–oleic acid–albumin complexes that have been
dispersed in water also improved the bioavailability and antioxidant capacity in the eyes
as well as in the serum of mice, compared with free fucoxanthin, after 15 days of adminis-
tration [8]. Furthermore, an emulsifier of fucoxanthin with gum arabic and γ-cyclodextrin
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dissolved in water was reported to improve the bioavailability of fucoxanthin [17]. These
experiments were conducted via the oral administration of fucoxanthin complexes in the
water system. On the other hand, we demonstrated for the first time that monocaprin
together with fucoxanthin in a powder diet, but not in a water system, increases fucoxanthi-
nol accumulation in the serum of mice after 4 weeks of feeding. These results show that a
combination diet of monocaprin with fucoxanthin-containing oil is effective for improving
the bioavailability of fucoxanthin. It is suggested that the addition of monocaprin in a
fucoxanthin-containing diet may have an effect on the micellar state of carotenoids in the
digestion system and may improve fucoxanthin bioavailability. Mixing SO and monocaprin
into a powder sample is a very easy process. From the current results, it is expected that
fucoxanthin will be applied widely within the food industry fields.

We recently reported that dietary fucoxanthin inhibits hepatic oxidative stress and
inflammation in non-alcoholic steatohepatitis model mice [18]. Therefore, our results
provide beneficial information for the application of fucoxanthin and monocaprin in the
food industry. On the other hand, the improvement of fucoxanthin stability is also im-
portant for applications. Sun et al. [19] reported that fucoxanthin microcapsules prepared
using biopolymers are effective materials. Further examination is required to clarify the
mechanism of a combined effect of fucoxanthin and monocaprin on stability as well as on
bioavailability.

3. Materials and Methods

3.1. Chemicals

SO (fucoxanthin-5KM composed of 79% food oil, 20% brown seaweed lipid and 1%
tocopherol) containing 5% fucoxanthin was purchased from Oriza Oil & Fat Chemical Co.,
Ltd. (Aich, Ichinomiya, Japan). Monocaprin was prepared by Taiyo Kagaku Co., Ltd. (Mie,
Yokkaichi, Japan). Other chemicals were obtained from FUJIFILM Wako Chemical Co.
(Osaka, Japan).

3.2. Animal Experiments

The diabetic/obese KK-Ay mice (4-week-old males) were obtained from CREA Japan
Inc. (Tokyo, Japan). The mice were housed at 23 ± 2 ◦C and 50% humidity, with a 12 h
light/12 h dark cycle and allowed free access to food and water. The control diet (A)
containing 9.8% soybean oil and 0.2% MCT was prepared as shown in Table 1. MCT in the
control diet was exchanged for 0.2% SO (B) in the experimental diets. Monocaprin was
exchanged for soybean oil at 0.125–0.5% (C–F) in the experimental diets of each group,
as shown in Table 1. After feeding the mice on a control diet for one week, six groups of
seven mice were assigned so that there was no significant difference in body weight and
blood glucose levels. Then, five experimental groups mice were acclimated by feeding
a 0.5% monocaprin diet (C) for an additional one week. Control mice were fed a control
diet (A), as shown in Table 1. After acclimation, each experimental diet and control diet
(Table 1) were fed to the mice for 4 weeks. The mice were anatomized under anesthesia
using isoflurane. The liver and small intestine were rapidly removed and stored at −30 ◦C.
The serum was separated by centrifugation at 3000 rpm for 15 min. All procedures for
animal care in this study were approved by the Ethical Committee of Experimental Animal
Care of Hokkaido University (No 19-0083).

3.3. HPLC Analysis of Fucoxanthin Metabolites

The total lipid (TL) was extracted from mouse tissues and serum with chloroform:methanol
(2:1, v/v) containing α-tocopherol (50 μg/mL) according to the Folch method [20]. The
obtained TL was dissolved in n-hexane:acetone (7:3, v/v) and subjected to an HPLC system
(LC-20AD and CBM-20A (Shimadzu, Kyoto, Japan), column: Mightysil Si 60 250 × 4.6 mm
(Kanto Chemical Co., Inc., Tokyo, Japan), two columns were connected, column tempera-
ture: 25 ◦C, mobile phase: n-hexane:acetone (7:3, v/v), flow rate: 1.0 mL min−1, detection:
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450 nm). Fucoxanthinol and amarouciaxanthin A in the serum and tissues were quantified
by HPLC analysis using the standard curves prepared by authentic standards.

3.4. Statistical Analysis

The data are expressed as the means ± standard error of the mean (SEM). Statistical
differences were determined via one-way ANOVA followed by the Tukey test at p < 0.05.
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